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MO PAU
1. Ly do chon dé tai

Tuong tac khong cong hoa tri (non-covalent interaction) 1a mot loai tuong
tac dong vai trd quan trong trong nhiéu linh vuc khoa hoc va doi sdng [35], [39],
[75], [94], [105], [112], [123]. Chung quyét dinh cdu tric cta chat long, ciu trac
cua cac dai phan tr sinh hoc nhw ADN/ARN, protein, gay ra hién tuong solvate
hoa, su hdp phu vat 1y trén cac bé mat, tham gia vao cac qué trinh sinh héa cia co
thé sdng. Trong sb cac twong tac khong cong hoa tri, lién két hydro X—H---Y Ia
tuong tac tiéu biéu nhat boi vai trd thiét yéu cua chung d6i v6i cac qua trinh trong
dung dich, su sip xép cac phan tir trong tinh thé va tong hop siéu phan tir [31], [32],
[42], [74], [91], [101], [131]. Pic biét, sy ton tai hang trim ngan lién két hydro C—
H---O/N va N/O-H---O/N duoc phat hién trong cic dai phan tir sinh hoc cho thiy
tam quan trong to 16n cta loai lién két nay [40], [124], [125].

Cho dén nay, lién két hydro gdm hai loai co ban: lién két hydro ¢ dién hay
lién két hydro chuyén doi do (Red-shifting Hydrogen Bond, RSHB) va lién két
hydro chuyén doi xanh (Blue-shifting Hydrogen Bond, BSHB). Khéi niém lién két
hydro chuyén doi d6 dugc Pauling dua ra dau tién [111] va sau d6 dugc nghién cau
rong réi ca vé ly thuyét va thuc nghiém. Nhin chung, ban chat lién két hydro chuyén
doi do do tuong tac tinh dién quyét dinh voi thudc tinh tiéu biéu 1a: d6 dai lién két
X-H ting va tan sé dao dong hoa tri twong (rng giam khi phirc hinh thanh. Trong
khi d6, lién két hydro chuyén doi xanh ¢6 nhitng thudc tinh gan nhu trai nguoc hoan
toan vai lién két hydro chuyén doi do, d6 1a khi lién két hydro hinh thanh c6 su rit
ngan do dai lién két X—H va ting tan s6 dao dong hoa tri. Loai lién két mai nay
dugc phat hién dau tién boi Sandorfy va cong sy vao nam 1980, khi nghién ctru phd
hong ngoai cac tuong tac trong dung dich [139]. Nam 1997, Boldeskul di thong bao
két qua thuc nghiém vé su chuyén doi xanh cua lién két C—H/D trong phén tu
haloform khi hinh thanh phtic v&i cac phan tir nhan proton khac nhau trong dung
dich [28]. Nhitng phat hién nay doi hoi cac nha khoa hoc phai dit lai cau hoi vé van

dé ban chét cua lién két hydro. Nam 1998, Hobza 1a ngudi dat nén moéng nghién ciru



ly thuyét dau tién vé loai lién két hydro méi nay [68]. Loai lién két hydro nay vé sau
dugc cong nhan vé6i tén goi 1 lién két hydro chuyén doi xanh. Bang ching thuc
nghiém dau tién trong pha khi vé loai lién két nay dugc phat hién vao nim 1999 khi
nghién ctu cac phuc gitta CHF5, CHCI; va CgHsF bang cach do phd hong ngoai
[69]. Két qua thuc nghiém nay phu hop rat tét véi tinh todn 1y thuyét. Tir ddy, nhiéu
nghién ctru 1y thuyét vé lién két hydro chuyén doi xanh bang phuong phap héa hoc
lugng tir da dugc thyc hién va rat nhiéu cong trinh khoa hoc lién quan da dugc cong
bb [1], [2], [14], [94], [110], [120], [128]. Mic du nhimg dic trung cua lién két
hydro chuyén doi xanh rat rd rang, nhung con nhiéu ¥ kién tranh luan khac nhau vé
ban chét va liéu c6 su khac nhau giita hai loai BSHB va RSHB hay khéng. Nhiéu
gia thuyét va mo hinh dugc dé nghi dé giai thich sy khac nhau cua hai loai lién két
hydro nay, tuy nhién dén nay chua co cach giai thich nao phu hop cho tat ca cac
phtrc s& hitu BSHB duoc biét. Nhin chung, mdi md hinh déu c6 wu va nhuge diém,
diém chung giita ching 13 viéc giai thich ban chit BSHB dya trén tinh chat cta
phtrc da duogc hinh thanh.
Niam 2011, Roman Szostak khi nghién ctru su thay ddi tan s6 ctia nhom X—H
(V(xn)) trong phtrc cua hon 100 phﬁn tir nhan proton (X =0, N, C, S, Se, P, Si, B, F, ClI,
Br) vdi CO, [120] d chi ra rang dién tich trén nguyén tir H ctia phan tir cho proton ban
dau c6 thé dugc ap dung dé du doan su chuyén doi xanh, do6 cua lién két hydro. Cu thé,
su chuyén doi xanh dugc quan sat thiy khi dién tich duong trén nguyén tir H nho va su
chuyén doi dé chiém wu thé khi dién tich trén H 16n. Pang chil y, mot nghién ctru mai
duogc cong bd gan day vé ban chét lién két hydro chuyén doi xanh bang phuong phap
truong tu hop lién két cong hoa tri (Valence Bond Self-Consistent Field - VBSCF)
cho thay ban chét sy chuyén doi xanh hay d6 cua lién két X—H trong lién két hydro 1a
su canh tranh gitra thudc tinh cong hoa tri va thudc tinh ion cua lién két X—H trong
phan tir cho proton [36]. C4c két qua nay cho thay su chuyén doi xanh hay dé cta lién
két hydro phu thudc vao phan tir cho proton ban dau.
O Viét Nam, van dé nghién ctru vé lién két hydro chuyén doi xanh di bat dau tir
nam 2002 va dang tiép tuc duoc trién khai [1], [2], [8], [9], [10], [11], [108], [110].



Hai nhom nghién ctru chinh vé van dé nay ¢ Viét Nam gém nhom cua PGS.TS.
Nguyén Thi Minh Hué, truong Pai hoc Su pham Ha Noi va nhom cia PGS.TS.
Nguyén Tién Trung — Truong Pai hoc Quy Nhon. Cac nghién ciru trude diy cua
nhom PGS. Nguyén Tién Trung da chi ra su chuyén doi xanh, d6 cia lién két hydro
phu thudc vao do phan cuc cua lién két X—H trong phan tir cho proton va do bazo
pha khi ctia phan tir nhan proton Y [8], [9], [10], [11], [108], [110]. Tuy d4 thu duoc
mot sb két qua budc dau vé mdi lién hé gitra do phan cuc lién két X—H, d6 bazo cua
Y dén muc d6 chuyén doi xanh cua lién két X—H khi phtrc hinh thanh, nhung van
dé vé ban chat lién két hydro chuyén doi xanh va phan loai lién két hydro van con 1a
ciu hoi va can tiép tuc dugc nghién ctru. Hay ndi cach khac, can c6 nhidu nghién
ctru hon va hé thong hon dé c6 thé dua ra dugc mo hinh téng quat vé viée giai thich
ban chét lién két hydro.

Nhu di dugc dé cap & trén, lién két hydro X—H--O/N (X = C, N) gin day da
dugc phat hién trong cac cAu tric cua su séng, do dé viéc hiéu ban chat cua céc
lién két hydro nay cé vai tro rat quan trong. Cac két qua nghién ctru thuc nghiém
va ly thuyét da chi ra sy chuyén doi xanh cua lién két hydro C—H---O [1], [2], [8],
[47], [58], [133], [134]. Lién két hydro N—H---O chuyén doi xanh gin day ciing
dugc phat hién trong cac hé phirc véi phan tir cho proton 1a HNO va HNS [7], [9],
[108], [109]. Nhitng nghién ctru vé loai lién két hydro ndy huéng vao cac phén tir
gan v6i cdu trac cua protein, ADN, ARN 1a mot huéng nghién ctru dang rit duoc
quan tam gan day [70], [102], [126], [127]. Tuy vay, ban chat chuyén doi xanh
cta ca lién két hydro C—H---O va N—H---O van chua rd rang. Vi vay, viéc tiép tuc
nghién ctru €O hé théng dua vao cac thudc tinh ciia monome ban dau, tim kiém
nhitng hé chit c6 mat cua hai kiéu lién két hydro nay dé tir d6 hiéu ban chat cua
chung 1a can thiét. Hon nita, can nghién ctru so sanh mic d6 chuyén doi xanh cua
C—H va N-H khi phurc hinh thanh, va do bén cua chiing trong cac lién két hydro
(X—H---O/N (X = C, N)) v&i hy vong tir d6 s& gitip hiéu ban chét lién két hydro
chuyén doi xanh va phén loai lién két hydro; hiéu cac tuong tac yéu khac trong
ADN, ARN, protein va gép phan dinh huéng tong hop cac loai thuéc phuc vu cho

su song, stuc khoe con nguoi.



Clng vé6i cac van dé trén ching tdi cling quan tAm t6i viéc danh gia d6 bén
clia cac tuong tic yéu khac nhu twong tic axit-bazo Lewis, twong tac chalcogen-
chalcogen, tuong tac p-m, twong tic 7-m, ... va vai tro clia ching cung véi lién két
hydro trong viéc lam bén cac phirc. Nhitng tuong tac ndy dong vai tro rat quan trong
trong tong hop siéu phan tir, thiét ké tinh thé, trong tach, chiét cac hop chat va trong
sinh hoc [67], [78].

Véi tit ca nhitng 1y do trén nén chdng t6i chon dé tai nghién ctru: "Nghién
ciru Iy thuyét lién két hydro X-H---OIN (X = C, N) bang phwong phdp héa hoc
Iwong t¥"'. Nhu vy dé tai vira c6 ¥ nghia khoa hoc, thoi sy va vira ¢6 ¥ nghia thuc
tién cao.

Luan 4n tdp trung khao sat su hinh thanh, do bén, ban chit lién két hydro
C/N-H---O va C/N-H---N, ddng thoi xem xét cac tuong tac yéu khac trong mot sb
hé co ban giita cac phan tir cho proton 1a hydrocarbon nhu C,HsX, C,H,X, (X= H,
F, Cl, Br), cac hop chdt chira nhoém chitc nhu XCH,OH, CH3SZCHX,,
CH3COCHX,, NHXCHO, (X=H, CHg, F, Cl, Br; Z= 0, S), RCHO (R = H, CHs,
NH,, F, Cl, Br) véi cac phan tir nhan proton nhu CO,, XCN (X = F, Cl, Br), H,0,
CH;CHO. Luén an ciing nghién ctu lién két hydro trong mot sd bazo nito nhu
cytosine, guanine. Viéc khao sat cac hé phirc ndy gitip tim hiéu ban chat va so sanh
d6 bén cac loai lién két hydro C/N—H---O/N nhim dua ra duoc mé hinh giai thich
ngudn gbc lién két hydro chuyén doi xanh va phan loai lién két hydro, déng thoi
cling gitip tim hiéu cac twong tac yéu hinh thanh trong qua trinh t6i wu phirc va dong
gop cua chiing t6i do bén cac phuc.

Viéc nghién ctru dya vao tinh todn hoa hoc luong tir, chu yéu duoc thuc hién tai
cac muc 1y thuyét cao véi phuong phap nhiéu loan MP2, phuong phap phiém ham mat
d6 B3LYP, phuong phap chum twong tic CCSD(T) va nhitng b ham co s chira dong
thoi ham phan cuc va ham khuéch tin nhu 6-311++G(2d,2p), 6-311++G(3df,2pd),
aug-cc-pVDZ, aug-cc-pVTZ. Cac muc ly thuyét trén duge chon déu phu hop véi hé
nghién ciru dé dua ra cac thong s6 dang tin cay nhu do dai lién két, goc lién két, ning

lugng tuong tac, mat do electron & cac obitan, dién tich NBO, nang lugng tuong tac



siéu li€n hop ndi, ngoai phan tir, mat do electron p(r), Laplacian Vz(p(r)), mét do thé
nang, mat do dong nang & cac diém téi han lién két theo thuyét AIM...
2. Muc dich nghién ctru

Tim kiém nhiig hé chit c6 lién két hydro chuyén doi xanh C/N-H---O/N, dap tmg
nhu ciu cap thiét vé phan loai lién két hydro trén co so cac monome ban dau; bd sung
va 1am phong pht thém dit liéu khoa hoc vé loai lién két méi nay.

So sanh sy hinh thanh, do bén, ban chét su chuyén doi xanh cua cac lién két
hydro C—H---O/N va N-H---O/N. Trén co sé két qua nghién ctru, ciing véi hé théng
cac két qua nghién ctru trude d6 hy vong gop phan dua ra co s& chung dé phan loai
lién két hydro chuyén doi xanh va do trong tuong lai gan.

Nghién ctru su hinh thanh, ban chit ciia mot sd twong tac yéu tiéu biéu nhu
tuong tac axit-bazo Lewis, tuong tac chalcogen-chalcogen... va vai tro cua ching
cung véi lién két hydro trong viéc 1am bén cac phire hinh thanh.

Xem xét cac hop phan ning luong dong gop vao dd bén cac lién két, ning
luong twong tac tong dé hiéu rd hon ban chit cta sy hinh thanh tuong tic trong
phtic cling nhu sy hinh thanh phtre.

3. Péi tweng va pham vi nghién ciu

Déi twong nghién ctu: Lién két hydro va mot sb twong tac yéu nhu axit-bazo
Lewis, chalcogen-chalcogen...

Pham vi nghién cau: Lién két hydro C/N/O-H---O/N, tuwong tic axit-bazo
Lewis, tuong tac chalcogen-chalcogen, p---n*, @---n* trong cac phuc hinh thanh cta
cac hydrocarbon, mot sd hop chéat chita nhém chirc nhu hydroxyl, carbonyl, amin,
sulfonyl, thiosulfonyl va cac dan xuét thé halogen, nhém CHs, NH, ctia ching véi
cac phﬁn tir nhan proton nhu CO,, H,O, XCN; va phtrc cua mot sb bazo nito.

4. Nhirng diém méi cia luan an

< Pi cung cap thém co s khoa hoc dé gitp hiéu rd ban chat va phéan loai
lién két hydro chuyén doi do va xanh v6i su tham gia cia lién két cong hoa tri C/N—
H, d6 14 dwa vao d6 phan cuc lién két C—H va N—H ban dau voi do bazo pha khi ctia

cac phan tir nhan proton.



< Do bén cac lién két hydro C—H---O/N va N-H---O/N di dugc so sanh,
dinh luong mot cach hé thdng va tuong ddi day du, dic biét trong hé twong tac cia
cac bazo nito. Mic d6 chuyén doi xanh giam: Csps—H > Cgpp—H > Cgp—H khi tham
gia vao lién két hydro C—H---O/N.

< D43 phat hién 1an dau tién sy dong gdp cua twong tac mn* dén do bén
cac phuc tuong tac gitra cac phan tir véi CO,. Hon nita, con phat hién sy c6 mat lién
két hydro chuyén doi xanh C—H-O trong cac phirc gitra methanol va ethanol voi
CO, - chua dugc cong bd trude day.

% Két qua phan tich SAPT2+ cho thdy hop phan ning lugng tinh dién dong
vai trd quyét dinh, hai hop phan ning luong cam Gng, phan tan dong vai tro twong
duong nhau va cing déng gop chinh vao do bén lién két hydro va do bén phuec.

5. Y nghia khoa hoc va thuc tién cia luan an

Luan an d3 cung cip co so khoa hoc dé gitip hiéu rd ban chat va phan loai
lién két hydro chuyén doi do va xanh v6i su tham gia cta lién két cong hoa trj C/N—
H, d6 1a dua vao do phan cuc lién két C—H va N-H ban dau va d6 bazo pha khi cua
cac phan tir nhan proton. Day 14 co s& quan trong dé dwa ra mo hinh/thuyét vé phan
loai lién két hydro chuyén doi xanh va dé dya vao monome trong tuong lai. Cac két
qua luan 4n ciing gop phan giup xac dinh mac d6 anh huong cua cac tuong tac khac
nhau dén céc ciu trdc sy séng nhu ADN, ARN, protein... Hon nita, viéc 1am sang
t6 d6 bén va ban chat lién két hydro, dic biét lién két hydro vai su tham gia cua lién
két C—H, con giup dinh hudng tong hop cac loai thuc phuc vu cho su song va stc
khoe con ngudi. Pang chu ¥, cac két qua dat duoc cua luan &n 1a tai liéu hitu ich
phuc vu cho viéc hoc tap cua sinh vién, hoc vién cao hoc, nghién ctu sinh nganh
hoa hoc néi chung, hoa ly thuyét noi riéng; 1 tai liéu tham khao gia tri cho céc
nghién ctu lién quan vé tuong tac yéu, dac biét lién két hydro.

Viéc phat hién lan dau tién sy dong gop cua tuong tic m-* dén do bén cac
phtic cua tuong tac gitta cic phan tir véi CO, va phat hién sy c6 mit lién két hydro
chuyén doi xanh C—H:--O trong cic phtc giita methanol va ethanol voi CO, - chua

dugc cong bd trude day, gitp hiéu vé kha ning hoa tan cua CO, trong cac hop chat,



mg dung trong tach, chiét, tong hop cac hop chat quy trong dung mai siéu t6i han
CO, va tim kiém vat liéu hap phy khi CO,.
6. B cuc cia luan an

M¢ dau: gi6i thiéu ly do chon dé tai, muc dich, déi twong va pham vi nghién
ctru, nhitg diém mai cua luan an, ¥ nghia khoa hoc va thuc tién caa luan én.

Co so ly thuyét héa hoc heong tir: giéi thiéu phuong trinh Schrodinger, ham
song h¢ nhiéu electron, bo co so; gidi thi¢u véan tit sai s6 do chéng chat bo co so
(BSSE); gi6i thiéu co s& cac phuong phép gan ding héa hoc luong tir; gidi thiéu thuyét
AIM, cac khai niém AO, BO va NBO, thuyét nhiéu loan phu hop dbi xtimg SAPT.

Tong quan vé twong tdc yéu, lién két hydro va hé chat nghién ciru: trinh bay
téng quan vé mot sb twong tac yéu; gidi thiéu tAm quan trong, khai niém, phan loai,
phuong phap nghién ctru lién két hydro; tong quan vé hé chat nghién ctu.

Két qua va thdao ludn: Trinh bay cac két qua thu dugc vé hinh hoc cac phic
bén, d6 bén cla cac phuc; vai trd dong gop cua lién két hydro, dic biét lién két
hydro C—H---O/N va N-H---O/N, va cac twong tac yéu dén d6 bén cua phirc. Trong
phan nay con thao luin va rat ra dugc vai trd cac hop phan ning luong déng gop
dén d6 bén cua cac lién két hydro va tuong tac yéu, va con danh gia vé tha tu do
bén cua cac twong tac. Trén co s& cac két qua dat dugc va phan tich chi tiét, mot sb
két ludn tiéu biéu vé dic trung, phan loai va ban chét lién két hydro, dac biét lién
két hydro chuyén doi xanh, va cc tuong tac yéu dugce rut ra.

Két lugn: Trinh bay cac két qua noi bat ciia luan an.

Cac két qua cua luan an da dugc cong bd trong 10 bai bao dang trén cac tap

chi chuyén nganh, cac hoi nghi quéc gia (6 bai) va qudc té (4 bai).



Chwong 1. CO SO LY THUYET HOA HQC LUQNG TU

1.1. Phwong trinh Schrodinger [5]

Phuong trinh Schrédinger trang thai dimg (trang thai ma toan tir Hamilton H
cia hé khdng phu thuoc thoi gian) 1a phuong trinh quan trong nhat cua héa hoc
luong tir: AY=EY (1.1)

bay la phuong trinh ham riéng, tri riéng. Trong d6: ¥ la ham riéng cua toan
tr A, E 12 tri riéng cta H Gng voi ham riéng . Ham ¥ chi phu thudc vao toa do, c6

tinh chat lién tuc, xac dinh, don tri, kha vi va néi chung la phuc. Ham W phai thoa
man diéu kién chuan héa, nghia 1a: I|‘P|2dT =1, |‘P|2 xac dinh mat do xac suét tim
thdy hé trong phan tir thé tich dt trong khong gian céu hinh cua hé.
1.2. Toan tir Hamilton ciia hé nhiéu electron [97]
Xét hé gdm M hat nhan va N electron. Toan ti Hamilton 1a toan tir ning
luong toan phanciahé: H=T,+T +U, +U_+U,_ (1.2)
Trong hé don vi nguyén tir cé dang:

=3 vi-3 o vi- 33l S5 PSSk g

A12M, it Aa fia iz il AaeA Ry
Trong do: Tel la toan tir dong nang cua electron;
fn la toan tr dong nang cua hat nhan;
Uen 12 todn tir thé ning tuong tac hat caa electron va hat nhan;
Uee la todn tir thé nang tuong tac day gitra cac electron;
Unn 12 toan tir thé nang tuong tac day giira cac hat nhan;
A, B: ki hiéu cho hat nhan A va B;
M: ti s6 khdi luong ctia hat nhan A d6i véi khéi luong cua 1 electron;
I, J: ki hiéu cho electron trong hé;
Za, Zg: s6 don vi dién tich cac hat nhan A va B tuong Gng;

rij: khoang cach gitra electron thir i va thi j;



ria: Khoang cach gitra electron thir i va hat nhan A;
Rag: khoang céach gitra hai hat nhéan A va B;

82 62 82
V? latoan tir Laplace c6 dang: V* =— + + (1.4)

ox* oy* oz°

1.3. Ham séng ciia hé nhiéu electron [4]

Ham song toan phan hé c6 N electron c6 dang tich Hartree cia cac ham
obitan-spin mot electron:

Wetec(X1s X2, -y Xn) = x1(X1)-%2(%2) ... xn(Xn) (1.5)

Trong d6: 1i(x) = wi( r ).n(c) 1a ham obitan-spin tht i ciia electron tht i;

Nhu vay, xac sut tim thay electron thir nhat tai mot diém trong khong gian
doc 1ap véi vi tri electron thir hai. Trong thyc té, electron thtr nhat va hai diy nhau
tire thoi do twong tac ddy Coulomb va electron thir nhat s& tranh ving khong gian bi
chiém bai electron tht hai. Do d6, su chuyén dong cua hai electron twong quan rd
rang voi nhau.

Dé thoa min nguyén 1y phan ddi xtng, ham soéng toan phan hé N = 2n

electron vé kin dugc viét duéi dang mét dinh thic Slater:

v, v, ...y, @

2 2) ... 2
B, = (N1)22 vi(2) v,(2) v, (2) 16)

v, () wy,(n) ... y, (n)

Vi (N1)™2 13 thira s6 chuan héa, duoc xac dinh tir didu kién chuan héa ham
song. Hang cua dinh thiac (1.6) dugc ky hiéu tuwong (ng véi thir tu electron, va cot
g vai obitan-spin. Khi doi toa do 2 electron tuong &ng véi sy hoan vi 2 hang, s&
lam thay d6i dau cua dinh thirc. Néu c6 2 electron ¢6 cling spin chiém cing 1 obitan
thi twong tng véi hai cot caa dinh thic biang nhau va dinh thic s& bang 0. Vi vay,
chi c6 toi da 1 electron c6 thé chiém mot obitan-spin (nguyén ly loai trir Pauli). Mot

dinh thirc Slater gin véi tuong quan trao doi electron, cé nghia rang sy chuyén dong
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ctia hai electron voi spin song song twong quan nhau. Tuy nhién, chuyén dong cua
nhitng spin d6i song chua dugc xét dén, mic du day 1a sy dong gop chinh dén ning
lugng twong quan. Vi vay, thong thuong ta goi mot ham séng dinh thuc don slater
la mot ham song khong twong quan. D4i véi hé kin (N = 2n electron), ham s6ng mot
dinh thuc Slater c6 thé mé ta trang thai caa hé, con ddi véi hé mé ¢ sb 1¢ electron
(N = (2n+1) electron) ham séng phai la to hop tuyén tinh caa nhiéu dinh thac Slater.
1.4. By co sé [44], [48], [50]
1.4.1. Ham co so

Mot bo co s¢ bao gom nhiéu ham co so, bo co s& cang 16n viéc miéu ta
electron trong hé cang gan vai thuc té, mac d6 gan dung cang tét va nguoc lai.

Pé giai phuong trinh Schrédinger cho phén tir, ngudi ta thuc hién phép tinh
gan dung sir dung cic MO-LCAO: ¥, = Zn:CDi(Di (1.7)

vl

C.ilacaché $O O hop; ®;la cac AO co sé. Tap hop cac ham @; duoc goi 1a bd co
s&. Mbi AO co s& gdm phan ban kinh va phan goc: O(r,0,¢) = R(r).Y(0,¢) (1.8)

Theo cach biéu dién toan hoc khac nhau cia ph'?m ban kinh ta c6 cac loai bd
ham co s& khac nhau. Co6 hai loai ham co s¢ thuong dugce sir dung trong tinh toan

cau truc electron:

q -nr-R
Obitan kiéu Slater—STO (Slater Type Obitals): ®S™0=CS. Ir-Ra (1.9)

2
Obitan Gaussian-GTO (Gaussian Type Obitals):d°™°=C°. € | (1.10)

Trong do: r 1a toa do obitan; Ra 14 toa dd hat nhan nguyén tir A; C°, C® 14 cac

-a|r-Ra

hé s6 (bao gom phan goc); , o 1a thira sé mil cta cac STO va GTO tuong ung, 12
cac sb duong xac dinh su khuéch tan hay “kich thudc” cua ham.

Nhuoc diém cua ham STO 1a khi dung dé tinh nhiing tich phan 2 electron
nhiéu tdm (nhiéu nguyén tir) thi rat phirc tap. Nhitng phép tinh nay duoc don gian
rat nhiéu khi ding ham GTO. Tuy nhién, ham Gaussian mo ta khong tot electron &

GTO

gan nhan va ca & nhiing khoang cach 16n xa nhan vi =0 (1.11) nhung

r=R,
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cuc tri cia ham song khong phai dat dugc tai hat nhan, va khi r — oo thi ®°T°

giam
quéa nhanh.

1.4.2 Mét s6 khdi niém va phdn loai b6 ham co’ s6

1.4.2.1. M§t 56 khai niém co ban

- Bé co s¢ héa tri (valence basis set): chi gdbm cac obitan vo héa tri. Vi du:
H: 1s; C: 2s, 2py, 2py , 2P,

- Bé co s t6i thiéu (minimum basis set): gém nhiing obitan hda tri va cac
obitan vo trong. Vi du: H: 1s; C: 1s, 2s, 2py, 2py , 2p,.

- B6 ¢6 s¢ mé rong (extended basic set): 13 tip co s6 toi thiéu bao gdm thém
cac obitan cta 16p vo bén ngoai vo hoa tri (obitan ao — virtual obitan).

- Bé co 6 héa tri tach (split valence basis set): bo co s& gom cac obitan
vo hoa tri va cac obitan nay dugc nhan 1&n nhiéu lan (c6 thé nhan d6i, hai, ba,
bén...) lam thay ddi kich thuéc obitan. Vi du: H: 1s, 1s’; C: 1s, 2s, 2s’, 2px, 2py ,
2p;, 2p<° . 2py" . 207

- Ham phan cuc: thém cac ham c6 mémen goc I6n hon cho nguyén tir nang
va/hodc nguyén tir hydro H vao bd co so héa trj tach 1am thay d6i hinh dang obitan.

- Ham khuéch tan: 1a nhitng ham s va p cé kich thuéc 16n, md ta cac obitan
trong khdng gian 16n hon. Bo co s& ¢6 ham khuéch tan quan trong véi nhitng hé co
electron ¢ xa hat nhan nhu phan tir c6 d6i electron riéng, cac anion, nhitng hé co
dién tich &m dang ké, trang thai kich thich, hé c6 thé ion héa thap va hé tuong tac
yéu.
1.4.2.2. Phan loai bo ham co so

Khai trién cac cach to hop ¢ (1.11) thu duoc nhiéu bo co sé rit gon khéc
nhau. Hién nay c6 nhiéu kiéu bo co s, tuy nhién, ching ti xin néu mot vai bo
co s& thuong dugc sir dung nhat trong tinh toan cau trdc electron véi két qua
twong déi tot.

% B{ co sé kiéu Pople:

= B¢ co s¢ STO-nG: t6 hop 01 STO véi n PGTO, véi n = 2+6. Thyc té n >
3, két qua rat it thay d6i so n = 3, do d6 bo ham STO-3G duoc st dung rong rai nhat

va ciing 1a bo co so cuc tiéu.
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= B co sé k-nlmG: véi k 12 sé ham PGTO dung lam obitan 16i, bo s6
nim vira chi s6 ham obitan vo hoéa tri dugc phan chia thanh, vira chi sé6 ham
PGTO duoc sir dung t6 hop. M&i bo ham lai c6 thé thém ham khuéch tan, ham
phan cuc hoic ca hai. Ham khuéch tan thuong 12 ham s- va ham p- dat trudc chir
G, ki hiéu bang ddu “+” hodc “++”; dau “+” thir nhat thé hién viéc thém 1 bo
ham khuéch tan s va p trén cac nguyén ti niang, dau “+” thir hai chi ra viéc thém
ham khuéch tan s cho nguyén tir H. Ham phan cuc duoc chi ra sau chit G, ki hiéu
bang chir thuong (hoic dau * va **).

Vi du: 6-311++G(3df,2pd) 1a bd co so hoa tri tach ba. Trong d6 6 ham CGF
dung cho phan 156i duoc t6 hop tir 6 nguyén ham Gauss va 5 nguyén ham Gauss t6
hop lai d&é c6 3 ham CGF dung cho phin vé héa trj thir nhat (v&i C 1a 2s, 2px, 2py,
2p,), 1 ham CGF dung cho phan vo hoa tri thir 2 (voi C 1a 2s°, 2p,, 2py’, 2p7), 1
ham CGF dung cho phan vo héa tri tha 3 (véi C 1a 25, 2p,”7, 2py’’, 2p;”’), thém
ham khuéch tan s-, p- d6i voi nguyén tir ning va ham khuéch tan s- cho nguyén tur
hydro; thém ba ham d, mét ham f cho nguyén tir nang va hai ham p, mot ham d cho
nguyén tu H.

% B¢ co so phu hop twong quan (correlation consistent basis set):

Gom cac loai bo co so: cc-pvVDZ, cc-pVTZ, cc-PVQZ, cc-pV5Z va cc-pV6Z
(correlation consistent polarized Valence Double/ Triple/ Quadruple/ Quintuple/
Sextuple Zeta). Nhin chung, cac bd co sé trén dugc hinh thanh nho vao viéc thém
cac ham phan cuc nham ting khong gian dé mo ta tét hon vi tri phan bé cua
electron. Nhitng bo co sé cc sau d6 dugc bo sung nhitng ham khuéch tan va chiing
dugc ky hiéu aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, aug-cc-pV5Z. Nhitng bo
co s& nay cho két qua tinh toan rat tot va tat nhién mo ta tét dbi vai nhitng hé tuong
tac yéu, khong cong hoa tri.

% B¢ co so phu hop phin cuc (polarization consistent basis set):

DPuoc phét trién twong tw nhu bd co s& phil hop tuong quan (cc), ngoai trir
ching dugc ding chi cho phuong phap DFT. Tén goi cho thay cac b co so nay chi

hudng vao viéc mo ta sy phan cuc cia mat do electron trén nguyén tir hon la mo ta
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nang luong tuwong quan. Co6 cac loai ham phu hgp phan cuc nhu sau: pc-0, pc-1, pc-
2, pc-3, pc-4, ky hiéu chung 1a pc-n. Tri sé n ¢ng véi sé lugng ham phan cuc cé
mdmen gbc cao.
1.5. Sai s6 do chdng chét bd co sé' (BSSE) [54]
Ning leong twong tac (AE™T) gitra hai phan tir A va B dugc tinh theo biéu
thire: AE™T = Epp(1a8) - [(Ea(xa) + Es(z)] (1.12)
Tuy nhién, viéc tinh nang luong tuong tac theo biéu thirc (1.12) khéng pho
hop, vi khi tinh nang lugng ctaa Ex tai bo bd co s& ya ta chi xét electron c6 mat trén
nhitng obitan v&i bo co s ya cho mdi hat nhan trén A. Piéu nay twong tu dbi véi
nang lugng Eg tai bo co s& yg cua B. Tuy nhién, khi tinh nang lugng Eg cua dime
AB thi nhitng electron cta A hoac B trong dime khong chi ¢ mat trén nhirng obitan
hat nhan cua riéng n6 ma con trén nhitng obitan hat nhan cua phan tir 1an can vai bo
CO SO Yag = Ya + ¥e. Vi thé, tri nang luong tinh duoc Am hon gi4 tri thuc vdn co cua
dime. Piéu d6 c6 nghia khi tinh ning luong cua dime ta di sir dung bo co sé 16n
hon so vé6i bd co s cua hai monome. Sai sé nay dugc goi 1a sai s6 do chong chat vi
tri bo co s, goi 1a BSSE. C6 hai cach loai bo sai sb: hoac dung b co so day du cho
md&i monome ban dau hoic hiéu chinh ning luong cua dime. Tuy nhién, viéc dung
bo co s day du rat khé thuc hién vi gigi han vé mat tinh todn. Giai phap thuong
dugc &p dung nhét dé hiéu chinh sai sé d6 1a tinh niang lwong theo biéu thuc:
AE™NT" = E pg(yap) — [Ea(xap) + Ea(tas)] (1.13)
Chu y rang Ea(yas) duoc tinh vai mot bo co so chtra nhitng obitan ya trén
mdi hat nhan A va nhiing obitan ya khac (thém) phu hop trong khong gian tuong
g Véi vi tri can bang ciia monome A trong dime. Phép tinh ciling tuong tu ddi voi
Es(xas). Giai phap nay duoc goi 1a hiéu chinh “d6 léch thang bang” (Counterpoise)
cua Boys va Bernadi. Su khac nhau gitra 2 phuong trinh (1.12) va (1.13) chinh la
BSSE:  3cp = [Ea(xa) + Ea(xs)] — [Ea(xas) + Ea()as)] (1.14)
Tuy nhién, c6 mot vai truong hop ngoai 1€, néu ching ta sir dung mot bo co
s khong day du, viéc khdng hiéu chinh BSSE c6 thé dan d¢én AE™T phi hop thuc
nghiém hon so vai khi hiéu chinh né. Nhu vay, su ¢c6 mat caa BSSE khdng nhirng

khong hiéu chinh duoc sai sé6 ma con 1am gia ting su “thiéu hut” cua bo co so. Tuy



14

vay, trong hau hét truong hop BSSE duong nhu bu dip nhitng sai s6 do sy “thiéu
hut” bo co s& va muc ly thuyét sir dung. Tom lai, sai s6 khong bi loai bo néu khong
hiéu chinh BSSE. Hién nay, nhitng &4p dung caa phuong phap Counterpoise rat rong
rdi va da cung cap nhiéu bang ching manh mé& cho viéc ung ho gia tri caa phuong
phap nay.
1.6. Mt s6 phwong phap tinh gin ding héa hoc lwong tir
1.6.1. Sw tinh bdan kinh nghié¢m

Dbi voi hé nhiéu electron va nhiéu nguyén tir, viéc giai phuong trinh HF
hodc Roothaan gap nhiéu kho khin. Bé khic phuc tré ngai nay, ta sir dung mot sb
su tinh béan kinh nghiém thay thé trén co s& mét sé gia thiét gan dung. Co6 nhiéu sy
tinh ban kinh nghiém da va dang st dung, do 1a phuong phap Huckel mo rong
(HMO), CNDO, INDO, MINDO, MNDO, ZINDO, AM1, PM3... Mdi phuong phap
ban kinh nghiém duoc xay dung dya trén nhitng su gan ding khac nhau, bao gom
viéc ké su phu vi phan, thay thé mot sé tich phan bing cac ham don gian c6 chua
tham sé thuc nghiém, xem xét hé thdng cac electron ¢ va = riéng l1é. Tuy nhitng
phuong phép ban kinh nghiém gan ding kém hon so véi cac phuong phap tinh tir
dau ab-initio nhung do chinh xac ciing du tét khi nghién ctu nhiing hé 16n (nhiéu
nguyén tir va nhiéu electron) ma ¢ d6 khong thé sir dung cac phuong phéap ab-initio
vi Iy do kinh té va mirc d6 han ché cia CPU may tinh.
1.6.2. Cdc phwong phdp tinh tir ddu ab-initio
1.6.2.1. Phuong phap Hartree-Fock [4], [137]

Pé giai bai toan nguyén tir nhiéu electron, nam 1928, Hartree di xay dung
phuong phép truong tu hop SCF va dugce Fock V.A. hoan chinh vao nam 1930.

Ham soéng phan d6i xang don gian nhat md ta trang thai co ban cua hé N

electron la mot dinh thuc Slater don:
Yo@l) Ya(2) ... Y,a(2n)

¥ ~D=_ 1 [¥iB(2) ¥B(2) ... ¥,B(2n) (1.15)

’ S

¥,B(2) ¥,B(2) ... ¥,B(2n)
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Theo cong thirc Slater, nang lugng Eg tinh dugc 1a:

E, =fD*[Z%H +Zg(p,u)+C}DdT: 2X'h, +X>(2),-K,)+C (1.16)
N pn<v i=1 i=1 j=1

Trong do:

- h; 1a tich phan 1 electron, biéu thi ning lugng cua electron thir p trong

trudng chi gdm céc hat nhan: h, = (¥, |h, |¥,) = [ (wh ¥, (u)dr, (1.17)

- Jjj 1a tich phan Coulomb, biéu thi ning luong tuong tac giita 2 electron c6
spin ddi song
3= [ ¥, (o)ri\Pi (W)W, (v)de, dr, (1.18)
o
- Kjj 1a tich phéan trao d6i biéu thi ning luong twong tac giita hai electron c6
cling spin.: Ky = [[ ¥ (W) (o)ri\yj (WY, (v)dr dr, (1.19)
o

Ta 6 thé dinh nghia toan tor Coulomb J ; () va toan tir trao d6i K ; (W) nhur sau:

3,0 = [ (o)rilyj (v)dr, (1.20)

R, = ]9, ), (o), (1.21)

Ap dung nguyén 1y bién phan d6i voi Eg ta thu dugc hé phuong trinh Hartree
— Fock: FPW=¢¥@ (=12, ..,2n) (1.22)

&i 12 ning lugng obitan HF d6i véi obitan ¥; (nang lugng phan 16p electron)

n

Trong do IA:H la toan tr Fock 1 electron: 'A:u = ﬁu +Z[ij (M) —Kj (H)] (1.23)

i1

Nhu vy, thuc chat ciia phuong phap HF 14 thay bai toan nhiéu electron bang
bai toan 1 electron, trong d6 tuong tac day electron-electron duoc thay bang thé
trung binh 1 electron. Hé phuong trinh HF 1a nhitng phuong trinh vi phan khong
tuyén tinh va duoc giai bang phwong phap ldp. Thu tuc gidi phuwong trinh HF goi 1a
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phuong phap trudng tu hgp SCF: chon 1 ham thir W{(n), tir d6 c6 toan tir Fock F,
giai phuong trinh HF:
FOW! () = &% () (1.24)
Tt ham riéng W (n) vira thu dugce, lai xay dung toan tir Fock mai. Cu lap di
13p lai cac budc trén cho tdi1 khi thu dugce tri nang lugng €; cuc tiéu.
1.6.2.2. Phuong phdp nhiéu loan Moller-Plesset (MPn) [51]
a. Ly thuyét nhidu loan cho bai toan khong suy bién
Phuong trinh Schrédinger: AY,=E.¥, (1.25)
Tién hanh giai gan ding bang cach dua bai toan vé dang don gian nhu bai
toan nguyén tir H, c6 nghia Ia giai phuong trinh: H, ¥ = EO¥° (1.26)
H, 13 toan tir khdng nhidu loan hay con goi 1a toan tir trong sw gan dudng cap 0.
Giai phuong trinh (1.26) s& thu duoc cac tri riéng véi su gan ding cap O:
YOVAE".
bat: H=Ho+AH (1.27), v6i H 1 toan tir nhidu loan.
Thay (1.27) vao (1.25), ta co: (Ho+ MH )¥,=E, (1.28)
Néu A = 0 thi (1.28) tro thanh (1.25), khi d6: P, E, tién téi ¥, E’ . Gia sir
VGi Ccac gia tri A nho, cac nghiém cua (1.28) rat gan véi cac nghiém cua (1.25),
nghia 1a anh huong caa nhidu loan AH 1am thay doi rét it cac tri riéng E va céac
ham riéng ¥ khong nhiéu loan. Khai trién cac ham riéng va tri riéng cia H thanh
chudi luy thira: ¥, = ¥° + A PP + XPP@ +- + XPL + - (1.29)
E =EX+AE® + MEP 4+ + AEW ... (1.30)
Trong @6, ¥ va E! khéng phu thudc vao A, la cac hiéu chinh bé vé ham

s6ng va nang luong cap k tuong ang. Thay (1.29), (1.30) vao (1.28) va bién doi ta
thu duoc:

A, W)+ A )+ H, PO+ 22 AP0+ H PP) + ...
=E, PI+MEY P! +E) Y)Y EV W +EV WO H+E WP+ (131)

Pé (1.31) thoa man vai moi gia tri cia A ta cd hé phuong trinh:
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A, =EY (1.25)

AP +A Y =E) Y +EP 9! (1.32)

A,Y? +AYP=E)¥® +EV 9O +EX ¢! (1.33)
0 n n n n n n n n '

Giai (1.32) ta thu dugc W va EY (trong su gan dang cap 1), giai (1.33) ta
thu dugc P va E® (trong su gan ddng cap 2)... C6 thé tiép tuc nhu vay véi su
gan dang cap cao hon. Tuy nhién, thuc té chi can dén hiéu chinh cap 1 hoic cip 2
vé nang luong l1a du.

b. Ly thuyét nhiéu loan cho bai toan suy bién

Tiép tuc xem xét sy nhiu loan cia mot mac nang lwong véi bac suy bién d.
Ldc d6 ta s& co d ham song khdng nhiu loan doc 1ap tuyén tinh ¥y, ¥, ... , ¥

Phuong trinh Schrédinger khong nhiéu loan: H, P2 =E)W? (1.25)
va nang luong: EQO =gl =g’ =... = EV (1.34)
Nhu vay, van dé nhiéu loan ldc nay la:  HY¥,= E, ¥, (1.35)
H=Hy+AH (1.36)

Khi A—0, nhitng tri riéng trong (1.35) s& tién dén nhiing tri riéng trong

(1.25) nghia 1a E,—~E, va ¥,—¥°. Néu E I tri riéng ctia mac suy bién bac d thi
d

su t0 hop tuyen tinh: @) =c, ¥, +c¢,¥, +---+c, ¥, =D ¢, (1.37) laloi giai cua
i=1

phuong trinh (1.25) véi tri riéng (1.34). Viéc giai cho mic suy bién bac d tién hanh
giéng nhu cach giai khong suy bién, ngoai trir thay ! bang @ .

Thuyét nhiu loan 12 mot cach tiép can dé giai quyét van dé tuwong quan
electron. Mgller-Plesset dé nghi cach xtr 1y nhiéu loan ciia nhiing nguyén tir va
phan tir, trong d6 ham séng khong nhiéu loan 13 ham HF va goi 13 thuyét nhiéu loan
MP. Vé mit dinh tinh, thuyét nhiu loan MP thém nhiing trang thai kich thich cao
dén ham song HF va coi nhu nhitng hiéu chinh khong tuong dbi tinh. Hién nay,
phuong phap tinh phd bién c6 dung 1y thuyét nhidu loan dugc goi tit MPn (Meller
Plesset-bac n). Chi s6 n tmg voi mirc d6 xtr Iy nhiéu loan bac n. Vai tro cta phuong

phap nham nang cao d¢ chinh xac khi gidi cac hé lugng tir phirc tap, dic biét nhimng
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hé ning luong twong quan electron c6 anh huéng va déng gop 16n dén niang lugng
téng. Trong hoa hoc tinh toan thudong dung phwong phap nhidu loan MP1, MP2,
MP3, MP4... Phuong phap MP1 tinh toan nang lugng tuong duong voi nang lugng
theo phuong phap HF. MP2 xtr Iy dugc khoang 80-90% nang lugng tuong quan va
1a phwong phap kinh té nhat cho viéc tinh twong quan electron. MP3 xtr 1y khoang
90-95% va MP4 xtir ly khoang 95-98% nang lugng tuong quan. Tuy nhién hai
phuong phap doi héi chi phi tinh toan cao hon. Hon nita, phuong phap MP3 cho két
qua ning luong thudng duong hon trong khi MP4 cho két qua 4m hon so voi ning
luong thyc. Chinh vi thé trong tinh toan héa hoc lugng tir phuong phap MP2
thudong duoc dung nhat vi c6 lgi vé mat thoi gian va xir Iy nang luong twong quan
kha t6t.
1.6.2.3. Phuong phdp twong tac chum (CC) [52]

Phuong trinh co ban trong phuong phép (CC): ¥ = efCI)O (1.45)

Trong d6: ¥ 1a ham song electron ¢ trang thai co ban khdng twong dbi tinh;

®, 12 ham séng HF trang théai co ban duoc chuan hoa; Toan tu e’ dugc dinh nghia

A

, i . -I—z -’I‘—s o -i—k
theo khai trién Taylor: e =1+ T+ —+—+=> — (1.46)
21 3 i k!
Toan tor “chum”™ T=T,+T,+T,+---+T, (1.47)
Trong d6:  nlasd electron trong phan tu;
T, 13 todn tir kich thich don T,0, = 3 3 t*0* (1.48)
a=n+l i=1
®? l1a dinh thiic Slater kich thich don, t} Ia hé s6 khai trién;
A N 0 o n n-1
T, 1a toan tir kich thich doi T,0, = 37 37 'Y t*o? (1.49)

boatlacnid joiel il
@ 1a dinh thirc Slater kich thich déi, t;’ 1a hé so khai tricn;

Pé 4p dung phuong phap CC, hai sy gan ding duoc sir dung 1a: ding bo co sé vira

phai dé miéu ta obitan-spin trong ham séng SCF va chi st dung mot sb toan tr T

ma két qua van cho su gan dung t6t. Néu chi cé toan tir T,, két qua dat dugc khong

chinh xac hon HF vi nhitng phan tir ma tran gitra HF va nhiing trang théi kich thich
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don la zero. Toan tor T, déng vai trd quan trong, anh huéng chinh dén toén tr T,

khi d6 ¥, = efZCI)0 (1.50) va phuong phéap nay dugc goi la phuong phap cap doi
chum twong tac (CCD: Coupled-Cluster Doubles method). Dé cai thién do chinh
xac cua phuong phap CCD, ta ké thém toan tir T, va T =T,+T, trong e’, phuong
phap nay goi la CCSD (Coupled-Cluster Singles and Doubles method). Tuong tu
d6i voi toan tie T=T,+T,+T,, ta co phuong phap CCSDT. Nhing tinh toan
CCSDT cho két qua gan ding vé ning luong twong quan rat tét, nhung ton kém vé
chi phi tinh toan. Do d6, nhiéu hinh thirc gan ding ctia phuong phap CCSDT duoc
phét trién sau d6, gdm CCSD(T), CCSDT-1, CCSD+T(CCSD); trong d6 CCSD(T)
duogc sir dung nhiéu nhat. Phuong phap CCSD(T) duoc hinh thanh trén co so két
qua ciia CCSD va cong thém sy dong gdp kich thich ba duoc tinh tir thuyét nhiéu
loan bac 4 véi viée st dung bién d§ “ampltitude” cua CCSD thay thé nhitng h¢ sb
nhiéu loan cho hiéu chinh ham séng va thém maot ) hang nhiéu loan bac 5 mo ta su
cap doi kich thich don va ba.

Phuong phap twong tac chum (CC) va tuong tac cdu hinh bac hai (DCI) xir li
turong quan electron ¢ muc do Iy thuyét cao hon MP4 va thudng chinh xac hon. Yéu
cau thoi gian tinh theo nhitng phuong phap MO ting nhanh khi sb electron ting 1én.
Hon nita, ddy 1a phuong phap MO nén dé c6 két qua gan ding t6t cdn mot bo co s
16n, ciing c6 nghia 13 mé rong su tinh toan. Nhitng phuong phép nay co thé cho két
qua gan ding t6t, song s6 tich phan nhiéu electron rat 16n, nhat 1a ddi v6i hé nghién
ctru 16n. Gia thanh cia cac phuong phap ting nhanh theo s electron. Két qua tinh
theo phuong phap CCSD(T) di chinh xac dé xac dinh tinh chit hoa hoc ciia hé (du
doan tinh chat nhu d6 bén, toc d6 phan ung...). Tuy nhién phuong phap nay khong
thue té dbi voi nhitng hé 16n va viéc sir dung né khi thuc sy can thiét vé mat dinh
luong.

1.6.3. Thuyét phiém ham mdt dp (Density Functional Theory — DFT) [90]
1.6.3.1. Binh Iy Hohenberg-Kohn
Pinh Iy 1: Mat do electron p (T) xac dinh thé ngoai Ve(T), ham séng ¥ (T)

cling nhu céc tinh chat khac ctia hé & trang thai co ban.
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Dinh ly nay suy ra: mat do electron xac dinh duy nhat toan ta Hamilton. Piéu
nay dtng khi toan tir Hamilton xac dinh boi thé ngoai va téng sd electron, bang tich
phan mat do electron trén toan khong gian. V& nguyén tic, biét trudc mat do
electron s€ xac dinh dugc duy nhat mét toan t&r Hamilton va do d6 s& tinh dugc ham
song ¥ & tat ca cac trang thai va xac dinh dugc tinh chit cua hé. Hohenburg va
Kohn di ching minh mét cach rd rang dinh 1i ndy, Levy da tong quat hoa cho ca
cac hé co cac trang thai suy bién. Nha quang phd hoc 1y thuyét E.B. Wilson da
ching minh dinh 1y ndy nim 1965. Luan diém cua Wilson 1a mat do electron xac
dinh duy nhét vi tri va dién tich cua hat nhan va vi vay xac dinh toan t&r Hamilton.
Chung minh nay vira rd rang vira d& hiéu, n6 dua trén sy that 1a mat do electron ¢
mot dinh & hat nhan:

Za=:—1{aﬁ (r“)} (L51)
250)| or, |

trong d6 p(r) 1a tri trung binh hinh cau ctia mat do electron
Mic du khong tong quat nhu sy chtirng minh cua Levy nhung dinh 1y nay ciing
dd ké dén tuong tac electron v6i hat nhan. Pinh Iy duoc phét biéu tong quat: ning
lwgng 1a phiém ham caa mat do.
Elp(P)]=Flp()]+ [[p(F) M. (F)dF (1.52)
Trong do F [p(?)] goi 14 phiém ham Hohenberg-Kohn.
Dinh Iy 2: D6i véi mot mat do thir ¢ tri duong bat Ki, pivaco [p,(r)dr=N thi:

E[p] > Eo (1.53)
1.6.3.2. Phuong phap Kohn-Sham (KS)

Y tuéng co ban cua Kohn-Sham 1 thay bai toan nhiéu electron bang mot tap
hop twong duong cac phuong trinh tu hop 1 electron. Xét hé cd N electron da duoc
ghép ddi, nang luong caa hé theo KS ¢ trang thai co ban duoc xac dinh bang biéu
thuc:
5P

rI 1

E[P] :_%%I\V:(T)Vfwi(?)d(fl)_z“l": (7)d(7)



21

+%J RULPE) drer + ., ) (154)

r.12

Trong do: v, (T,) 1a ham khong gian 1 electron, con goi la obitan KS; p (T) la
mat do dién tich hay mat do electron trang thai co ban tai vi tri T ; tong trong (1.54)
duoc lay qua tat ca cac obitan KS bi chiém. Sé hang tht nhat biéu thi dong niang cua
cac electron; s6 hang thir hai biéu thi nang lwong hat hat nhan-electron, tong nay
duogc lay qua tat ca cac hat nhan theo chi s6 1, nguyén tir s6 1a Z;; sé hang tha ba
biéu thi nang luong tuong tac Coulomb gitra 2 mat do electron toan phan (dugc lay
tong qua tat ca cac obitan) p () va p(F,) tai T, va T, tuong Gng; sb hang thir tu 14
nang luong trao ddi-twong quan caa hé, nang luong nay ciing 1a phiém ham caa mat
do electron biéu thi tt ca cac twong tac electron-electron khdng cé dién (trir twong
tac day).

Ap dung nguyén ly bién phan cho ning lrong electron toan phan E[p] duoc
biéu thi theo phwong trinh (1.54), thu dwoc cac phuong trinh KS c6 dang:

{—EVf —%5+J@+vxc(ﬁ)}wi(ﬁ) = ey, (7) (L55)

L

2 P 2

Trong do: & 1a nang luong obitan KS; Vixc la thé trao ddi-twong quan, 1a dao ham

cua phiém ham ning luong trao ddi Exc[p] , cd biéu thic: Ve = ESE?Tj[‘)] (1.56)

Loi giai phuong trinh KS thu dugc céc obitan khéng gian lelectron y, (T,).

Néu Exc[p] duoc biét, ta thu duoc Vxc[p]. Nhu vay, cac obitan KS cho phép tinh
R N

dugc p(F) theo biéu thic: p(F)=>|w,(F) (1.57). Cac phuong trinh KS ciing
i=1l

dugc giai theo phuong phap truong tu hop SCF.

Van dé chinh cta cac phuong phap DFT la xdy dung phiém ham trao d6i-twong
quan. Co thé chting to rang, thé trao d6i-twong quan 13 mot phiém ham duy nhét phu
hop véi tat ca cic hé, nhung dang rd rang cua nd chua tim duoc. Do vdy cic

phuong phéap DFT khac nhau ¢ dang cta phiém ham ning luong trao doi-twong
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quan. Cac phiém ham d6 thuong duoc xay dung dua vao mot tinh chat hiru han nao
d6 va 1am khép cac thong sd v6i cac dit liéu chinh xac da c6. Phiém ham tot nghia
1a ¢ thé cho két qua phu hop véi thuc nghiém hodc két qua tinh theo phuong phap
MO & murc li thuyét cao.

Thong thudng ning luong trao ddi-twong quan E, dugc tach thanh hai phan:
ning luong trao ddi E, va ning luong twong quan E.. Nhitng ning luong nay

thuong dugc viét dudi dang nidng lugng mot hat tuong ung &, &:

Exe[p] = Exlp] + Ec[p] = [p(r)e, [p(r) |dr + [p(r)e.|p(r)]dr (1.58)
Sau day 1a mot s6 phiém ham dang duogc st dung rong rii:
a. Sy gan dung mat d6 dia phuong (Local Density Approximation - LDA)
Trong phép gﬁn ding mat do electron dia phuong (LDA), mat do tai chd dugc
xtr li nhu mot khi electron ddng nhét.
Ndng lwong trao doi d6i v6i khi electron dong nhit theo cong thirc Dirac 1

E;>*[p] = —C,Jp**(r)dr (1.59a)

e, [p] = —-C,p*° (1.59b)

Trong trudng hop tong quat mat do electron o, p khong bang nhau nén su gan
ding mat do spin dia phuong (Local Spin Density Approximation - LSDA) dugc sur
dung:

E*[p] = =2°C,J[ pi* +p,° |dr (1.60a)

e [p] = —2%°C, [ P2+’ | (1.60b)
LSDA c6 thé duoc viét dudi dang mat do téng va su phan cuc spin:
S)IESDA [p] - _%Cxpys |:(1+§)4/3 +(1_§)4/3} (1.61)

Ndng heong twong quan cia hé electron dong thé dugc xac dinh theo phuong
phap Monte Carlo dbi v6i mot sb gia tri mat d¢ khac nhau. bé dung két qua nay vao
viéc tinh toan theo DFT, Vosko, Wilk, Nusair (VWN) da dua ra phiém ham noi suy

gitra gidi han khong phan cuc spin (£=0) va gidi han phan cyuc spin ({=1).
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Su gan dung LSDA danh gia ning luong trao ddi thap hon khoang 10%, ning
luong tuong quan qua cao, thuong gap déi. Do d6 d6 dai lién két ciing bi danh gia
qua cao. Phuong phap LSDA cung cap nhitng két qua gan dung t6t nhu cac phuong
phap HF nhung tinh don gian hon nhiéu.

b. Su gan ding gradien tong quat (Generalized Gradien Approximation - GGA)

Pé cai tién su gan dung LSDA, can xét hé electron khong dong nhat. Nghia 1a
ning luong trao doi-trong quan khéng chi phu thudc mat do electron ma con phu
thudc dao ham cua no.

D6 12 ndi dung cua sy gan ding gradien tong quat (GGA).
Déi véi phiém ham trao doi
+ Perdew va Wang (PW86) dé nghi cai tién phiém ham trao d6i LSDA:

PWBS gl (1+ax2 + by + CXG)MS (1.62)

8X
trong d6 x 13 bién gradien khong thir nguyén; a, b, ¢ 1 hé sé hiéu chinh
Phiém ham nay dua ra trén co s& hiéu chinh phiém ham LSDA nén con duoc
goi 1a sy gin dung hiéu chinh gradien.
+ Becke dd dé nghi phiém ham hiéu chinh (B) ddi véi ning luong trao doi

X2

1+6Bxsin " x

LSDA: &2 = g™ + A€®; Ael= —Bp™*

X X X!

(1.63)

Tham sb B duogc xac dinh dya vao dir ki€n nguyén tur da biét.

Doi véi phiém ham twong quan

+ Phiém ham tuong quan do Lee, Yang va Parr dua ra dé xac dinh nang luong
tuong quan, day khong phai 1a phiém ham hiéu chinh tir LSDA nhung van phu
thudc vao mat do electron va cac dao ham cta nd. Phiém ham LYP khong du doan
dugc phan niang luong twong quan do 2 electron c6 spin song song.

+ Nam 1986, Perdew da dé nghi mot phiém ham hiéu chinh gradien cho phiém
ham LSDA, ki hié¢u la P86.
¢. Phuong phap hdon hop

Y tuéng co ban ciia phuong phap nay: ké thém phan ning luong trao d6i Hatree
- Fock vao phiém ham ning lugng trao d6i-twong quan DFT thuan khiét. Do vay

phuong phap nay duoc goi 1a phuong phap DFT hon hop. Vi du:
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+ Phiém ham Half-and-Half: ning luong trao d6i HF gdp mdt nira va nang

luong trao ddi-twong quan LSDA gép mdt nira vao phiém ham trao doi-twong quan:
Ent = %EQF + %(E;SDA +E) (1.64)

+ Phiém ham B3 1a phiém ham ba thong s cua Becke:

E® =(1-).E* +aEF +b.EP +ES™ +CAES™®  (1.65)
d. Mot s6 phuong phap DFT thudng dung

Cac phuong phap DFT khac nhau & biéu thic phiém ham trao d6i va ham
phiém tuong quan. Mot phuong phap DFT 1a su két hop twong thich giita dang cua
phiém ham trao doi va phiém ham twong quan. Vi du:

+ Phuong phap BLYP: 1a mot phuong phap DFT thudn khiét, trong d6 st dung
phiém ham trao d6i di hiéu chinh gradien do Becke dwa ra nim 1988 va phiém ham
tuong quan di hiéu chinh gradien do Lee, Yang va Parr dua ra. O day sy gan dung
tai chd chi xuét hién trong B con LYP chi gém sy gan ding gradien.

+ Phuong phap B3LYP: chtra phiém ham hén hop B3, trong d6 phiém ham
trong quan GGA 1a phiém ham LYP, ta c6 biéu thirc:

EXY =(1-a).E™ +a.E" +b.EZ + EC™ + C.AEL” (1.66)

Véiag =0,20; b =0,72; ¢ = 0,81.

+ Phuong phiap BHandHLYP: gém phiém ham trao ddi B, phiém ham Half-
and-Half va phiém ham tuong quan LYP.

Phuong phap BH&HLYP va B3LYP la cic phuong phap DFT hon hgp trong
d6 phiém ham trao ddi 1 t6 hop tuyén tinh ciia sé hang trao d6i da hiéu chinh
gradien, s6 hang trao dbi tai chd va sb hang trao d6i Hartree-Fock.

1.7. Thuyét AIM [20], [21], [26], [113]

Mat d¢ electron la binh phuong caa ham séng va duoc lay tich phan qua Nejec-1

toa do: p(r) =H\P(rl,r2,r3,..., My, ‘zdrzdry..der (1.67)
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Néu mét phan tir c6 thé chia nho thanh nhiéu phan thé tich, méi phan ang voi
mot hat nhan cu thé thi mat do electron c6 thé dugc ldy tich phan dé thu duoc sb

electron c6 mat trong mdi “chau nguyén ti” (atomic basin) va dién tich nguyén tur:

Qa=2Z,— [p(r)dr (1.68)

Trong d6: Qa la dién tich nguyén tir A, Za la dién tich hat nhan A, Qa la
chau nguyén t A.

Viéc chia “chau nguyén tir” trong mot phéan tir doi hoi phai ¢6 “su lya chon”
dé mot yéu té thé tich trong khong gian so hitu mot hat nhan. Cach phan chia hop ly
nhat 1a phuong phap AIM cua Richard Bader. Phuong phap nay st dung mat do
electron nhu diém bat dau. Dua vao mat do electron (p(r)) c6 thé rit ra nhiing thong
tin hda hoc cu thé. Nhan tb chinh dé xac dinh mat do electron (p(r)) 1a vecto gradien
(Vp(r): WP)ZUX%WY%WZ% (1.69)

Trong do U,,U,,U, la 3 vecto don vi. Vecto nay vudng géc Vvoi bé mat mat
do electron va huéng vao duong dbc thap nhat. Mot chudi cia nhimg vecto gradien
vi phan hop thanh mét duong gradien. Vi nhitng vecto gradien c6 mot hudng nén
duong nay ciing c6 mot hudng: di 18n hodc xubng. Tat ca ching duoc hat dén 1
diém trong khong gian goi 1 “diém hut” (attractor). Vi vy, nhitng dudng gradien
c6 mot diém dau va mot diém két thac; va c6 thé kéo dai dén véo cung hodac mot sb
diém trong phén tir. TAt ca nhitng hat nhan 1a nhiing “attractor” va tip hop nhiing
duong gradien ma mdi hat nhan hat duge goi 1a chau nguyén tir “atomic basin”
duogc ky hiéu Q. Pay la diém quan trong nhat caa thuyét AIM vi “chau nguyén ti”
cau thanh nén phan khéng gian dinh vi mot nguyén tir. Diém quan trong thi hai cua
thuyét AIM 1a dinh nghia vé lién két. Diém téi han (CP) la diém ma c6 mat do
electron rat 1on hoic vecto gradien bang zero, hay néi cach khac diém tsi han la
nhitng diém trong khong gian ma V p(r) bang zero. Mot s6 duong gradien khdng
bat dau tir vd cling ma bat dau tir mot diém cuy thé & gitra hai hat nhan, diém nay goi

la diém t6i han lién két (BCP). Hai dudng gradien ma mdi dudng bat dau tai BCP
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va két thdc tai mot hat nhan duogc goi 1a dudng tuong tdc nguyén tar. Su cd mit
duong tuong tac nguyén tir giira hai hat nhan khdng cé nghia rang ching dugc lién
két ma can co thém diéu kién khéc, d6 1a tat ca nhiing luc trén tat ca hat nhan bang
zero. M@ hinh két ndi tao cau tric vong nhu trong benzene, naphtalene,... hinh
thanh mot kiéu méi cua CP goi 1a diém toi han vong (RCP). Mot s6 vd han duong
gradien Xuat phét tir RCP va két thdc tai mot hat nhan hoic mot BCP xéac dinh mot
bé mat, goi 12 bé mat vong. Nhitng CP duoc phan loai dua vao céc tri riéng A4, A, va

Az cua ma tran Hessian mat do electron:

o’p  &p

ox2  oxoy  oxoz

O Tp  Op (1.70)
oyox  oy®  oyoz '
o’p %

dzox  0z0y o072

CAc tri riéng A4, A, va Ag khéc zero, dau cua ching duoc dung dé dinh nghia
kiéu CP. Laplacian cua mat do electron chinh 1a V?p(r) va né 1 tdng céc tri riéng
cua Hessian, c6 biéu thuc tinh: V2p(r) = A + A, + A3 (1.71). Khi mét trong ba tri
riéng A; duong va hai tri riéng khac am, ta goi diém nay la diém toi han lién két
(BCP) va ki hiéu (3,-1). Khi mot trong ba A; @m va hai tri riéng con lai duong ta goi
la diém t&i han vong (RCP) va ki hiéu (3, +1), minh chiing c6 ton tai cau tric vong.

Mat do electron (p(r)) tai diém téi han lién két c6 vai tro quan trong nhat. o
I6n caa p(r) duoc dung dé xac dinh do bén cua lién két, gia tri p(r) cang Isn thi lién
két cang bén va nguoc lai. Laplacian ciia mat do electron chinh 13 VZ(p(r)) va né la
téng cua céc tri riéng cua Hessian, c¢6 biéu thirc tinh: VZp(r) =2 + A+ 2 (1.72).
Laplacian ctia mat do electron p(r) thay d6i theo sy thay d6i ctia toa d va do d6 né
1a thudc tinh ban chat cua mat d6 electron. Tai diém BCP, hai tri riéng Ay, A, am do
muirc do ma mat do tap trung doc theo dudng lién két (BP) va mot tri riéng A3 duong
do murc d6 ma mat do giam trong khu vyc cua bé mit gitta cac nguyén tir va tap

trung tai chau nguyén tir. Trong lién két cong hoa tri, hai tri riéng 4m quyét dinh
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laplacian va V(p(r)) < 0. Nguoc lai, tuong tac vo dong duge dic trung béi sy giam
mat do trong ving cua hai nguyén tir trong tac va V(p(r)) > 0.

Mat d§ nang lugng léy thong tin chira dung trong ma trdn mat dg mot electron.
Mat d6 ning lugng (thé nang (V(r)), dong ning (G(r)) va ning lugng tong (H(r)))
dugc st dung dé tom tit co ché cua mot tuong tac lién két. Mat do nang lugng téng
H(r) 1a tong cta mat d6 thé ning V(r) va mat d6 dong ning G(r): H(r) = V(r) + G(1)

(1.73). Mat d6 dong nang va mat do thé ning c6 méi quan hé voi laplacian tai BCP
theo biéu thirc: % VZ(p(r)) = 2G(r) + V() (1.74)

Vi G(r) luén duong, V(r) ludn 4m nén V(p(r)) < 0 dugc quyét dinh boi mat
d6 thé nang con VA(p(r)) > 0 dugce quyét dinh bdi mat 46 dong niang. Nhu vdy, mat
d6 nang luong tong tai BCP c6 thé dung dé phan loai cac tuong tac: H(r) < 0 d6i véi
cac tuong tac dung chung electron (sharing of electron), mirc d§ cia n6é phan anh
mirc “cong hoéa tri” cua twong tac; H(r) > 0 dbi voi cac tuong tac vo dong.

Tir d6, Rozas cc cong sy da dé nghi V2(p(r)) va H(r) tai cac BCP dic trung
cho lién két hydro [121]: lién két hydro yéu thi V*(p(r)) > 0 va H(r) >0; trung binh

thi V4(p(r)) > 0 va H(r) < 0; va V3(p(r)) < 0 va H(r) < 0 thudc loai lién két hydro
manh. Trén co s& do, Espinosa, Molins va Lecomte da tinh todn nang luong cua

mdi lién két hydro theo cong thirc kinh nghiém [45], [100]:
EHB = %V(r) (175)

1.8. Obitan phan tir khu tra (LMO), obitan thich hgp (NO), obitan nguyén ti
thich hop (NAO) va obitan lién két thich hop (NBO) [137], [145]
1.8.1. Obitan phdn ti khu trii (LMO)

Obitan phan ti khu trd LMO 1a nhitng MO ma bi gidi han vé mat khong gian
v6i mot thé tich twong dbi nho; va do dé thé hién rd nguyén tir nao hinh thanh lién
két va nhitng LMO nao c6 thugc tinh gan nhu nhau trong cing mét don vi cau tric

trong nhitng phén tir khac nhau.
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1.8.2. Obitan thich hgp, obitan nguyén tir thich hop va obitan lién két thich hop
Mat do electron duoc tinh tir ham song chinh la binh phuong médun caa ham

song: |‘{’|2 =¥ Y. Ma tran mat do rat gon bac k, ky hiéu y,:
Vi (e Ty Tpenly)

N ., .
:(%jjqf (G s Togroens T, ) [P (s Tgn Ty, AN odn (1.76)

elec

Cha y: Toa dd cua ¥ va ¥~ khac nhau. Toan tir Hamilton chi chira toan tir 1
electron va 2 electron nén ma tran mat do rat gon bac 1 y,(r,r,) va bac 2
v,(r,1,,1,,1,) €O vai trd quan trong trong thuyét cau tric electron. Ma tran v, (r,,r,)
dugc chéo hoa va vecto tri riéng goi la obitan thich hop. Tri riéng twong ung chinh
1a s& electron (Neiec). Khai niém obitan thich hop dugc sir dung cho viéc phan b
electron trong nhirng obitan nguyén tur va phan tir, do @6 dién tich nguyén tur va lién
két phan tir duoc xac dinh. Y tuéng phan tich mat do electron dwa vao NAO va
NBO duoc F. Weilhold va cong su dwa ra nhiam sir dung ma tran mat do 1 electron
dé dinh nghia hinh dang cua obitan trong méi truong phan ti va lién két trong phan
tir tir mat do electron gitra cac nguyén tir. BSi voi ma tran mat do rat gon bac 1
trong khong gian v, (¥, T, ), ta c6 toan tir twong ting § c6 dang tich phéan va

P (F) = [y(%, E)F (F)A’F (1.77)

Theo P. O. Lowdin, thong tin day du vé ¥ dat duoc tir nhitng obitan riéng,
goi la obitan thich hop 6; va tri riéng tuong ng n;:

Y0; = nio; (1.78)

Trong d6, n; 1a sd chiém cua obtain thich hop 6; va cd biéu thic tinh
ni=(0,}76,). Nhitng thugc tinh cyc dai hogc cuc tiéu ciia ham riéng ton tir § bao
dam rang tat ca cac 0; 1a nhirng obitan chiém cuc dai (n; nhan tri s6 16n nhét theo
nguyén ly loai trir Pauli), c6 nghia rang nhitng obitan nay gan véi ¥ hon mot bo co

s& duoc chon ngau nhién. Bang céach gigi han viéc tim kiém nhiing obitan chiém
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cuc dai dén khdi nguyén tir khu tr 7 gan véi nguyén tir A ta dat duoc b t6i uu vé
nhitng obitan nguyén tir thich hop (NAO), ky hiéu %™ véi sé chiém n;. Nhiing
NAO c6 thudc tinh chiém cuc dai trong mdi truong phan tir va 1a nhitng obitan tét
nhat tai tat ca cac khoang cach. Tuong tu, ta c6 thé nhan dugc nhitng obitan lién két
thich hop (NBO) téi uwu khi tim kiém nhitng obitan riéng chiém cao nhat trong mdi
vung lién két giira hai nguyén tir A va B, ky hi¢u 1a 0%, vai sé chiém n{*®.
Chuong trinh dé tinh NAO va NBO trong g6i chuong trinh NBO 5.G, thuong duoc
tich hop véi cac phan mém tinh toan khac nhu Gaussian, Gamess. Phan tich NBO
rat hitu ich trong viéc hiéu su thay d6i va ban chat hoa hoc.
1.9. Thuyét nhiéu loan phu hop d6i xing SAPT (Symmetry Adapted
Perturbation Theory) [63], [77], [80], [84], [85], [103]

Nang luong tuong tac E w7 gitra hai phan tir AB dugc dinh nghia:

Eint = Eag - (Ea + Ep) (1.79)

Trong d6 Eag, Ea Va Eg la nang luong cuia phirc va monome tuong ung.
Phuong phap nay khong cung cip bét ky cai nhin sdu sic nao vé ban chat cua cac
thanh phan khac nhau déng gop vao ning luong Enr. Do d6 ¢6 nhiéu phuong phap
khac nhau dd dugc phat trién trong nhitng nim qua dé phén tich E,yr thanh céc
thanh phan khac nhau ¢ ¥ nghia vé mit vat 1y nhu tinh dién, phan tan, cam Gmg va
trao doi. Trong d6, ning lugng tinh dién (Eees) do tuong tac Coulomb thuin tay
gilta cac mat do dién tich diém, twong tac phan tan (Edqisp) do sy chuyén electron tir
AO bi chiém dén AO ao trong ciing mot monome (phan cuc) hodc tir monome nay
sang monome kia (chuyén dién tich), twong tac cam ung (Eing) 1a twong tac ctia mot
momen da cuc ¢b dinh v6i momen da cuc cam ung trén monome khac, tuong tac
trao do6i (Eexch) 12 két qua cua su trao doi va gidi toa cac electron gilta cac phan tu,
thuong 1a luc day.

Céc gia thuyét dua ra déu nham phan tich sy dong gop cta cac thanh phan
vao tong INT. Cac gia thuyét nay st dung mot trong hai cach tiép can bién phan
hodc nhidu loan dé phan tich cac INT. Mot s gia thuyét pho bién dua trén cach tiép

can bién phan bao gom: phuong phép cia Kitaura-Morokuma (KM) day 1a co s
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cho rat nhiéu cic mo hinh phan tich hop phan ning lugng khiac (EDA); phan tich
bién phan giam khong gian (RVS); va phén tich tich ning luong obitan phén tir khu
trd (LMO-EDA) béi Su, Li. Wu va cac cong su. Cach tiép can thu hai dya trén 1y
thuyét nhidu loan, thuyét nhiéu loan phu hop d6i xting (SAPT) 1a mot trong nhiing
gia thuyét phd bién nhit trong cach tiép can nay. Sau day chung t6i xin d& cap vai
nét tong quan vé SAPT:

Pdi v6i dime AB, Ha va Hg biéu dién cho toan tir Hamilton cua electron
trong monome A va B. Hamilton khong nhiu loan (H%) cia dime c6 thé dugc biéu
dién bang tong ctia Ha va Hg.

H® = Ha+ Hg (1.80)

Tir 1y thuyét nhidu loan, Hamilton ciia dime (H) c6 thé dugc viét theo toan tir

Hamilton khong nhidu loan (H°) va toan tir twong tic giita cac phan tir V:

H=H® +V (1.81)
Theo Magller-Plesset toan tir Hamilton cia monome:
Ha=Fa tWa va Hg=Fg + W5 (182)

Véi F va W 1a toan tir Fock va toan tr tuong quan tuong tac gitta hai
monome.

Do d6, trong SAPT, téng Hamilton cua dime duogc biéu dién nhu 13 tong cua
ba toan tur dugc dua ra dudi day: H=F+W +V (1.83)

F=Fa+Fg vAaW =W, + W;g. O déy, F 1a toan tir khéng nhidu loan, va V,
W 14 toan ttr nhiéu loan, do d6 1am cho SAPT 1a mot 1i thuyét nhiéu loan kép.

Phuong trinh Schrédinger cho dime AB:

(F + CQV + AW)®@s(C,2) = Eas(CA)Pas(C)) (1.84)

¢ va A theo thir tu 13 bac nhiéu loan cta V va W tuong tng.
Eir c6 thé dugc md ta nhu sau: E,, => > EN +EJ, (1.85)
n=1 j=0
trong d6 n va j 1a bac nhiéu loan twong tmg ctia V va W. Tuy thudc vao bac
nhiéu loan ctia V va W, ngudi ta co thé xac dinh mot sb lugng 16n cac thanh phén

nang luong.
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Ning luong tuong tic Hartree-Fock (E™"n7) c6 thé x4p xi v6i tong cua tuong

quan phan cyc va trao doi bac 0 6 W:

E:_I|\IFT - E(Elfé + E(Elg) + Efli(g,resp + E(EZ)(()ZIND,resp + 8ElHNFT,resp (1.86)

Phuong trinh trén cho thay rd, ning luong tuong tic Hartree-Fock bao gdm
cac sy dong gop: bac 1 cua phan cyc (tinh dién, ELE) va trao doi (EX), bac 2 cua
cam tmg (IND) va cam tng trao d6i (EX-IND). Béic 3 va bac cao hon cuia cac IND
va EX-IND dugc 1dy & SE™\\1resp. Chi s6 dudi “resp” chi rang nhiéu loan kiéu
Hartree-Fock. Dé danh gia mot phan twong quan (Ejnr-°") cua INT, cac mdi tuong

quan ndi phén tir it nhat 1én dén bac hai gdbm:

corr _ =(12) 11) (12) (20) (20) (20)
EINT - EELE,resp + EEX + EEX + EEX—IND,resp + EEX—DISP + EDISP (187)
Tong INT c6 thé duge biéu dién nhu sau: INT =ELC +EXT (1.88)

Khi d6 ta c6 cac phuong phap SAPT bac cao hon:

SAPT2 _ =HF 12) o) te(22) | te(22) (20) (20)
Ent  =Enr+ EELE,rest +Eexc (2)+ Eno + Eoxmo t+ EDISP + EEX—DISP (1.89)

ESAPT2+ = ESAPTZ + Egljé)P + Eglzs)P (1.90)

Mot trong nhimg wu diém chinh cta phuong phap SAPT 1a mdi thanh phan
trong nhidu loan co thé dugc giai thich day du y nghia. Ngoai ra, tinh toan INT 13
gan hon voi gia tri thu duge tir phuong phap CCSD(T). Tuy nhién, tng dung cua
SAPT dugc gidi han boi cach mé rdng quy mo cia nd. Do do, tinh todn cua SAPT
da dugc két hop voi cac tinh toan it ton kém DFT. Hesselmann va cong su di cung
cap chi tiét vé 1y thuyét va ung dung ciia phuong phap DFT-SAPT. Viéc ap dung
phuong phap mat o6 phu hop (DF) cho phép giam thoi gian tinh toan. Do d6, dbi
v6i cac hé dime 16n c6 thé duoc giai quyét bang DF-DFT-SAPT.
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Chuong 2. TONG QUAN VE TUONG TAC YEU,
LIEN KET HYDRO VA HE CHAT NGHIEN CUU

2.1. Tong quan vé twong tac yéu

Lién két cong hoa tri 12 lién két hoa hoc dugc hinh thanh gitra nguyén tir va
nguyén tir baing mot hay nhiéu cip electron chung tao nén ciu tric phan tir. Loai lién
két nay dugc nha hoa hoc quan tam tur rat s6m va dat duoc nhiéu thanh cong trong
vi€c tao ra nhiing phan tr hoa hoc mdi voi nhitng cAu trac mdi, thudc tinh vat ly va
hoa hoc méi. Tuy nhién, cach day vai chuc ndm, tuong tac gitra nhitng phan tir lai tré
thanh van dé chinh, dic biét 1a tuong tic didn dén su tao thanh nhitng tp hop phan tir
16m, phtrc tap ¢6 nhitng thudc tinh vi moé doc dao va ki di¢u. Vi vay, van dé tuong tac
phan tr tré nén chiém uu thé trong hau hét céc linh vuc cta hoa hoc hién dai, tir hoa
1y, v6 co, hitu co, co kim dén khoa hoc vat liéu va hoa sinh. Tir d6 da sinh ra nhitng
khoa hoc lién nganh hoa hoc nhu héa hoc si€u phan tir va thiét ké tinh thé. CAu tric
cua cac si€u phan tu, tinh thé dugc 6n dinh nho vao sy ¢ mat cac tuong tac duogc goi
1a “lién két khong cong hoa tri” hay “twong tac khong cong hoa tri” (non-covalent
interactions). Pay 1a loai lién két hoa hoc yéu duoc hinh thanh do lyc tuong tac Van
der Waals, lyc tinh dién, trong tac ki nudc va tuong tac hydro, khong lién quan dén
su gop chung electron hoa tri [67].

Chung ta biét rang nhiing phan tir khong phan cuc va trung hoa s& day nhau
khi khoang cach gifta chiing nhd va hut nhau khi khodng cach nay 1én. Quan niém
nay duoc dé nghi trong nira cudi cua thé ki 20 dé giai thich cho thudc tinh dong hoc
& pha khi. Sau d6, Van der Waals da thiét 1ap mot phuong trinh, trong d6 chi ra
phan tir ndo trong pha khi chiu dung trudng luc hip dan va da chi ra rang su ton tai
ctia pha ¢ dic nhu 13 két qua cia nhimng luc hat gitta hai phan tir. Nhiing tuong tac
nay réat yéu, khoang 4,184.107 - 4,184.10™" kJ/mét tuong tac Van der Waals. Nhiing
tuong tac ndy xay ra tai khoang cach giita hai phan tir xa va hinh thanh bé mat thé
ning Van der Waals. Thé ning nay khong thé xac dinh tryc tiép ma dwa vao pho

cua phic Van der Waals. Nhitng h¢ phan tir duwgc hinh thanh nho vao luc Van der
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Waals duoc dic trung rat cu thé boi phd quang electron ning lugng dong ning
electron “zero” (zero-electron kinetic-energy photoelectron (ZEKE)) va phd ion hoa
da proton gia tang cong huong (resonance-enhanced multiproton ionization
(REMPI)).

Tén goi mdt mon hoa hoc “supramolecular chemistry” dugc dinh nghia boi
Jean-Marie Lehn [89], nguoi da nhan giai Nobel vao nam 1987, mac du n6 da dugc
phat hién vao cudi nhitng nim 1960 va dau nhirng nim 1970. Ngoai dinh nghia trén
con mot vai dinh nghia khac nhu 1a “hda hoc cua lién két khong cong hoa tri” (The
chemistry of the non-covalent bond) va “h6a hoc khong phan tir”” (Non-molecular
chemistry). Dinh nghia ban dau cia né 1a hoa hoc cua twong tac khong cong hoa tri
gitta mQt phan tr chu “host” va mot phan tr khach “guest”. “Host” 12 mét phan tu
16n hodc 1a mot tap hop nhu 14 enzyme hodc nhitng hop chat vong tong hop ¢ kich
thude 1on va hdc 16n, con “guest” la mot anion, cation, phan tir cé kich thudc du
nho dé duoc bay trong phén tir “host” [78].

Sur hinh thanh nhiing lién két 6 méi tuong trung cho nhiitng twong tac manh co
kha ning thay doi bo khung phan tir va do d6 doi héi ning luong cao dé thuc hién.
Trai lai, viéc téng hop “khong cong hoa tri” tién hanh nho vao sy hinh thanh va cét
dut clia nhitng twong tac tht cp giita nhitng don vi phan tir ban dau. Béi vi bo khung
cong hoa tri clia nhitng phan tir ban dau khéng bi anh hudng nén kiéu tong hop nay
xay ra trén cac phuong dién khac vé ning luong. Néu nhimg twong tac khong cong
hoa tri 1a “b6 trg duong” thi qua trinh tip hop siéu phan tir ngdu nhién vé mat nhiét
dong dugc bo sung dang ké vé mat nang lugng. Néu viée st dung nhiing tuong tac
khong cong héa tri yéu 1a nguyén tic chung trong hoa hoc siéu phan tir va su tuin
hoan 1a diéu kién tién quyét trong trang thai tinh thé, khi d6 nhitng twong tic khong
cong hoa tri dugc phan bd tudn hoan ciu thanh nén co sé cua thiét ké tinh thé phan
ttr. Tom lai, thiét ké tinh thé phan tur cé thé dugc coi nhu hoa hoc trang thai ran siéu
phan ttr dya vao nhimng twong tac khong cong hoa tri yéu. Cudi cung, nhimg twong tac
khong cong hoa tri thir cip quan trong khong chi dbi véi hoa hoc siéu phan tir va thiét

ké tinh thé ma con 1a co s¢ dé hiéu nhiig qua trinh sinh hoc phirc tap nhu nguyén 1y
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va co ché ctia nhan dang phén tir. Nhin chung héa hoc “supramolecular chemistry”
lién quan dén nhing twong tac lién két khong cong hoéa tri. Thuat ngit “khong cong
hoa tri” ham chira mot sd luong khong 16 cta nhimg anh huong day va hat. Khi
xem xét hé supramolecule phai nghién ctru tac dong 1an nhau cua tat ca cac twong
tac va nhitng anh hudng ctia né d6i v6i ca hai phan tir chii va khach ciing nhu moi
truong xung quanh. Co nhiéu kiéu twong tac supramolecular nhu: ludng cuc-ludng
cuc, tuong tac Van der Waals, twong tac vo dong, cation-wt, anion-wt, tuong tac n-m,
tuong tac halogen, tuong tac chalcogen-chalcogen, ...
2.1.1. Twong tdc ion-lwong cuc

Tuong tac ion-ludng cuc la tuong tac tinh dién gitta mot ion va mot phan tu
ludng cuc trung hoa. Vi du tiéu biéu cho kiéu twong tac ndy duoc chi ra ¢ hinh 2.1.
Do 1a su lién két cta 1 ion Na* véi phan tir phan cuc nhu H,0, 1a lién két duoc hinh
thanh trong phuc giita ion Na* véi ete crown hodc phtc [Ru(bpy)s]**. Loai lién két
c6 mit & ca trang thai ran va trong dung dich, ¢ ning luong lién két khoang 50-200

kJ.mol™ kém bén hon so véi tuong tac ion-ion.

: 590
e | e
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Hinh 2.1. M6 ta tuong tac ion-ludng cuc
2.1.2. Twong tac luwong cwc-lwong cuc hay con goi la twong tac Keesom (Willem
Hendrik Keesom dwa ra 1921)

Tuong tac nay do tuong tdc hut gitra nhitng phan tr hodc nhom phan tir c6
momen ludng cuc vinh ctru. P bén cua twong tac phy thudc vao khoang cach va
hudéng twong tic ctia cac phan tir ludng cuc, ning luong lién két khoang 5-50
kJ.mol™. Kiéu tuong tic nay thudng tim thdy trong nhimg hop chét carbonyl ¢ trang
thai rin nhu & hinh 2.2.
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Hinh 2.2. Tuong tac ludng cuc-ludng cuc trong hop chat carbonyl
2.1.3. Twong tic Van der Waals [6], [67]

Tuong tac Van der Waals hay con goi 1a luc phan tin London la mot loai
tuong tac tinh dién yéu xuat hién giita hai hay nhiéu phén tir hoic nguyén tu
(thudng 14 cac nguyén tir khi hiém) do sy phan cuc hoa “tic thoi” dam may electron
xung quanh nguyén tir bén canh mdt hat nhan. Luc Van der Waals 1a lyc tuong tac
gitta hai phan tor dugc hinh thanh nhd vao ludng cuc tam thoi cua cac phan tu,
khong do momen ludng cuc vinh ciru ciia phan tir ban dau gy ra. Luc nay dugc coi
1a lyc tuong tac gitra hai phan tir yéu nhét va 1a mot luc hat tam thoi duge cu thanh
do nhirng electron trong hai nguyén tir hoic phan tir 14n can chiém nhimg vi tri ma
lam cho nguyén tir hodc phan tur hinh thanh ludng cuc tam thoi. Lyc ndy déi khi con
dugc goi 1a luc hit ludng cuc cam tng-ludng cuc cam Gng, gitp cho nhirng chat
khong phan cuc co thé co dic dén trang thai long, ran khi nhiét d6 du thap.
Nguyén nhan cia sy tuong tac ndy do tai thoi diém tire thoi electron trong nguyén
tr hoac phan tir bi léch khéi hat nhan vé mot phia (do su chuyén dong cua
electron) hodc phan bd khong d6i xting so voi hat nhan va két qua 1a hinh thanh

ludng cuc tirc thoi (hinh 2.3).

electron

Phan bé déi xing Phin bb khéng déi xing

Hinh 2.3. M6 ta su hinh thanh ludng cuc tirc thoi
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Mot nguyén tir hodc 1 phan tir thi 2 sau d6 s& bi bop méo vdi sy xuat hién
ctia ludng cuc trong nguyén tir hodc phéan tir thir nhat (hinh 2.4). Su bép méo nay do

cac electron day nhau.

T T 0 30

Hinh 2.4. M6 ta tuong tac ludng cuc-ludng cuc (tc thoti)

Tuong tac phan tan 13 hop phan hut tinh dién va giam nhanh chéng véi su
gia ting khoang cach tiép xtic r giita hai nguyén tir hodc phan tr tham gia tuong.
Nguyén tir hodc phan tir ¢6 kich c& cang 16n thi lyc phan tdn London cang manh va
nguoc lai; boi vi trong cadc nguyén tir hodc phan tir I6n nhiing electron hoa tri xa hat
nhan hon va dé dang hinh thanh nhiing ludng cuc. Nghia 13 luc phan tan London co6
khuynh huéng cang manh néu nguyén tir hoic phén tir d& phan cuc. Hinh dang phan
tir con anh hudng dén cudng d6 luc phan tan London. Céc phan tir hodc nguyén tir
dé dang tién lai gan nhau hon thi lyc phan tan London s& manh hon.

Luc “day trao d6i” (ddu duong) 1a lyc giira hai phan tir khi ching tién lai du
gin nhau ma dam may electron cta chung xen phu. Theo nguyén Iy loai trir Pauli,
nhimg electron s& bi 1éch khoéi ving giira nhitng hat nhan va chung day nhau. Tuong
tac “day trao d6i” quyét dinh hinh dang phan tir va 1am can bang véi luc phan tan &
khoang cach ngdn, giam dbi voi khoang cach tiép xuc tuong tic gia ting.

2.1.4. Twong tdc vo dong (closed-shell interaction) [13], [34], [114], [143]

Tuong tac vo dong la tuong tac cua nhitng nguyén tur hodc ion c¢6 v electron
hoa tri dong, chiu luc hut manh véi nguyén tir ¢6 dién tich trai dau. Loai tuong tac
nay c6 vai trd quan trong trong xac dinh cau triic phan tir, thiét ké tinh thé va trong
h¢ sinh hoc phan tir (c6 mat trong tuong tac cua ligand va protein). Tuong tac nay
bao gdom twong tac lién két thir cap (secondary bonding interaction), twong tac wa
kim loai (metalophylic interaction) va lién két halogen (halogen bonding) nhu hinh
2.5. Tuong tac vo dong kha bén va co do bén xap xi lién két hydro trung binh. Hién

tai, su ton tai kiéu tuong tac nay duoc giai thich do anh hudng tuong quan electron
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va anh huong twong ddi tinh ctia nguyén té ning (d6i voi vang nguoi ta goi 1a tuong

tac aurophilic). Tuy nhién, ban chat ctia chiing con 1a mét cau hoi 16n.

2,83 A 2314
72 P
/C'\ _ Ne— |—=R o Ny
Au-— AU _// x\Hé
e o H A
Ph,P” 306A PPh, Ne NG
~31A 1 N T
ash 17 ™~ Ph 3,36 A
~2, |
|/ \I
(a) ib) ic

Hinh 2.5. M6 ta 3 loai twong tac vo dong: a) tuong tac aurophilic,
b) lién két halogen, c) lién két thir cap

Tuong tic vo dong thudng duoc tim thay dbi v6i nhimg kim loai ning c6 ciu
hinh electron ngoai cung d® dén d'°s” va nhitng nguyén tir halogen ning voi d6 bén
lién két giam theo thir ty I > Br > Cl >> F. Lién két halogen c6 kiéu Y-+X-Z, trong
do Y la mot ph?ln tr cho electron va X 1a mot halogen nhan cdp electron. Vi du tiéu
biéu 1a twong tac I, trong ion I3 v6i ning lugng lién két khoang 200 kJ.mol™.
Lién két halogen dugc phat hién vao nim 1896 cung véi phirc (CHs)sN-+Br,. Ban
chat cua lién két halogen con dugc giai thich do twong tic tinh dién (dién tich
duong ton tai trén dinh ctia nguyén tir X huéng vé phan tir cho electron Y), siéu lién
hop (chuyén dién tich) va su dong gop cia twong tac phin tan. Anh hudng tuong
dbi tinh do nhiing electron gan nhing hat nhan tich dién cao chuyén dong véi van
tdc cuc 16n (xap xi van tdc anh sang) va do d6 khoi luong twong ddi ciia né 16n hon
khoi luong khi dting yén. Su gia ting khoi luong ndy gdy nén sy sy giam ban kinh
obitan va vi thé giam ban kinh nguyén tir. Lién két tha cap (Alcock dua ra 1972)
[13] c6 kiéu X—M--X, trong d6 X thong thudng 1a mot halogen ning. Lién két thir
cap gan giéng véi lién két halogen, ngoai trir M 1 nguyén tir ning da hoa tri nhu
Hg, TI, Sn, Pb, Sb, Bi, Se, Te; thay vi halogen. X-M 1a lién két cong hoa tri va
M--X thudc twong tac vo doéng bao gdm phan tir cho cip electron khong lién két

trén X dén obitan phan lién két o*(X-M). Tuong tac loai ndy quan trong trong viéc
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xéc dinh ciu triic trang thai rin ctia nhitng hop chat nguyén t6 nang. Hinh 2.6 mo ta

obitan phan tir cta tuong tic thir cip va nhitng twong tac tuong tng kiéu n — o*,

Hinh 2.6. M6 ta obitan phén tir cia twong tac thtr cap va nhitng tuong tac
tuong ung kiéu n — o*
2.1.5. Twong tdic cation-r [43], [76], [98]

Nhirng cation kim loai nhu K*, Ag*, Fe*, Pt**,... da duogc biét 1 hinh thanh
nhimg phtrc voi olephin va nhitng hydrocarbon thom, nhu [Fe(CsHs),] va mubi
Zeise [PtCl3(C,H,)]. Lién két trong nhimg phirc ndy kha manh va khong thé coi
thudc loai khong cong hoa tri vi c¢6 sy tham gia cua obitan d bi chiém mot phan
ctia kim loai. Vi du, phirc Ag*CgHg cO sy dong gbp hop phan cong hoa tri kha
16n. Mot vi du khac vé twong tac cation- 1a tuong tac gitta K* v6i CgHs. Ning
lwong tuong tac cua K* voi 1 phan tir CgHg trong pha khi khoang 80 kJ.mol™,
trong khi d6 K* twong tac véi mot phan tir H,O khoang 75 kJ.mol™. Tuy nhién, K*
van hoa tan tot trong nudc so v4i benzene vi nhiéu phan tr nudc co thé tuong tac
v6i K trong khi chi c6 thé c6 mot hodc vai phan tir benzen tuong tac véi K* do
kich thuéc 16n cua benzene.

2.1.6 Twong tac anion-z [115], [129]

Tuong tac cation-m da duoc biét trong 1 thoi gian dai, trong khi twong tac
anion-z chi duoc biét trong thoi gian gan day. Mdi nhin vao ta nghi rang tuong tac
kiéu nay 13 twong tac day gitta mat do electron m va anion khi chung tién lai gan

nhau. Tuy nhién c6 t6n tai mot twong tac hit tinh dién gitta anion va hop chat vong
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thom thiéu electron (vi vong thom dugc gin véi cac nhém hit electron manh).
Tuong tic nay bao gdm twong tac chuyén dién tich va duoc ching minh nho vao
pho electron.

2.1.7. Twong tic n-7 [37], [132]

Tuong tac m-m 1 twong tac xay ra gitra nhitng hé electron m giau va thiéu
electron. Kiéu twong tac m-n duoc biét dén nhidu nhat 13 twong tac xay ra giita
nhirng vong thom, thong thuong xay ra trong truong hop c6 mot vong thom giau
electron va mot vong thom thiéu hut electron, goi 1a twong tac m-m hay tuong tac
“chum” (n-7 stacking interaction). C6 hai kiéu cua twong tac © gdm: mat-mit (face-

face) va dinh-mat (edge-face) va dugc miéu ta nhu hinh 2.7.

mat - mat dinh - mat

Hinh 2.7. Kiéu tuong tic -t

Tuong tac 7 dang mit-mit 1a nguyén nhan cho tinh chit tron cta than chi.
Ngoai ra, twong tac ndy con tim thiy trong nhitng vong aryl ciia bazo nucleotic, gép
phan 1am bén chudi xodn d6i ADN. Tuong tac dinh-mit c6 thé coi nhu 13 hinh thuc
tuong tac yéu cua lién két hydro giita nguyén tir hydro thiéu electron trong vong
thom va ddm mAy giau electron 7 trong vong thom cta vong khac. Do bén cua
tuong tac m-m do sy dong gop cua tuong tac tinh dién va Van der Waals. Nang
luong cua no ti 1€ thuan véi dién tich bé mat tiép xuc cua hai hé «.
2.2. Thuyét Axit-bazo Lewis [3]
2.2.1. Mt s6 khdi niém va dinh nghia axit-bazo Lewis

Thuyét axit-bazo Lewis co thé xem 13 thuyét dinh nghia vé axit, bazo mot
cach khai quéat va day du hon so v6i cac thuyét axit-bazo trude day. Theo Lewis axit

la tiéu phan c6 thé nhan cap electron dé hinh thanh lién két cho-nhan, vi du: CO,,
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Cu*, SOs, H', I, ... Bazo 1a tiéu phéan c6 thé cho cip electron dé hinh thanh lién két
cho-nhéan, vi du: OH’, NH3;, CgH, ...

Phan ung axit-bazo Lewis tao ra cac san phém cong, doi khi con tao ra phtic
chit. Trong truong hop don gidn, nd co6 chira mot lién két cong hoa tri médi dugc
hinh thanh. Bén canh d6 c6 nhitng phéan tr hoat dong vira nhu mét axit lai vira nhu
mot bazo Lewis vi trong cac phan tir d6 c6 thanh phan c6 kha ning cho va nhan
electron, vi du nhu SnCl.,.

Mot 56 loai axit Lewis thuong gap

+ AXit Lewis chira nguyén tir thiéu hut electron: C6 nhiing phan tir axit
Lewis chira nguyén tir trung tdm chua du 8 electron (bat tir) nén goi 1a thiéu hut
electron. Pién hinh 1a cic hop chat cong hoa tri cia cac nguyén tb nhoém IIIA nhu
cac halogen cua B, Al, Ga, In va TI, ... Sau do6 la cac halogen cua Si, Ge, Pb...
Nhitng hop chit nay phan Gmg rat manh dé hoan chinh bat tir. Vi du, BN nhén cip
electron ciia NH; dé hinh thanh lién két cong héa tri trong phan ng axit-bazo
Lewis ¢ pha khi.

+ Axit Lewis chira lién két boi phan cuc: Cac phan tir c6 lién két ddi phan
cuc cling co thé hoat dong nhu axit. Khi cdp electron & bazo Lewis lai gﬁn dau
duong cua lién két doi phan cuc, lién két 7 bi dut ra va tao thanh lién két méi & san
pham cong. Vi du, phan tmg hoa tan SO, vao nudc, phan Gng hinh thanh carbonate
kim loai tir oxit kim loai va CO,,...

+ AXxit Lewis 14 ion kim loai: Theo thuyét Lewis, qué trinh hydrate hoa tu no
la mot phan tng axit-bazo, do d6 moi ion kim loai hoat dong nhu mot axit Lewis
khi hoa tan trong nudc. Cation hydrate chinh 13 san pham cong khi ma cip electron
o nguyén to O ctia nudc tao thanh lién két cong hoa tri vdi cation kim loai.

Ly axit-bazo Lewis : Dé giai thich cac hién tugng vé luc axit-bazo Lewis,
Pearson da dé nghi quy tic axit, bazo cing va mém (1963). Axit hodc bazo mém la
axit hoic bazo ma electron hoa tri ciia chung dé bi phan cuc hoéa, dé hinh thanh lién
két cong hoéa tri. D& bi phan cuc héa d6i voi bazo mém ciing c6 nghia 13 d& cho cip

electron. Nguoc lai, axit hodc bazo ctng la nhiing tiéu phan giir chit electron hoa
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tri, kho bi bién dang va tuong tac giira ching giéng nhu twong tac ion. Quy tic axit,
bazo cimg va mém: “Axit cimg ua bazo cimg, axit mém wa bazo mém”.

Véi quy tic ndy ta co thé giai thich dugc nhidu van dé vé lyc axit, bazo
Lewis, cac xu hudng trong cac phan ing axit-bazo Lewis, ...
2.2.2. Y nghia, tim quan trong ciia thuyét axit-bazo Lewis

Céc thuyét axit-bazo néi chung, thuyét axit-bazo Lewis noi riéng déu dong
mot vai trd rat 16n trong hoa hoc va cac linh vyc khac nhu sinh hoc, y hoc ... Trén
co so nghién ctru twong tac cua cac chat nguoi ta co thé biét dugc chat nao thé hién
tinh chat cia mot axit, cia mot bazo; tir d6 hiéu rd hon twong tac giira cic phén tir
v6i nhau, cdu trac, tinh chit cac chét, co ché cac phan mg phuc tap ciing nhu tong
hop cac chit méi, tong hop siéu phan tt, ... Cac thuyét axit-bazo cé ¥ nghia 16n lao
trong tong hop vo co. Khi nghién ctru cac phan tmg trong dung moi khac dung moi
nuée, nhiéu hop chit vo co méi di duoc téng hop. Tuong tac axit-bazo Lewis ciing
12 mot trong nhitng twong tic yéu c6 tdm quan trong rat 16n trong cac linh vuc hoa
hoc, sinh hoc va ké ca y hoc.
2.3. Tong quan vé lién két hydro
2.3.1. Tam quan trong ciia lién két hydro

Lién két hydro 13 mét twong tic c6 tim quan trong dic biét, dugc nghién ciu
sau trong vt 1y, hoa hoc, sinh hoc, va y nghia ctia né dé thy trong cac vi du cua
cudc sdng. Lién két hydro duoc tim thiy trong pha rin, pha 10ng, pha khi va thudng
diéu khién nhiing trang thai tdp hop cua nhitng hop chat hoa hoc. Vi thé, lién két
nay cuc ky quan trong trong tong hop siéu phan tr khong cong hoa tri va thiét ké
tinh thé. Vai tro cua lién két hydro con dugc thira nhan trong viéc lam bén hoa
nhitng phan tir vi mo sinh hoc phtic tap, gia ting do bén cta chat nén nay voi nhiing
phan tir sinh hoc khic va dong vai tro quan trong trong nhimg phan tmg chuyén
proton (nhu 13 twong tac dinh hudng). Nhiing tinh thé lién két hydro yéu va linh
doéng vé mat nang luong lam cho chung dé hinh thanh va bj cat dut, day 1a thuan loi
chinh cua tinh thé lién két hydro. Tuong tac hydro kh4 quan trong dbi véi cau tric

va churc ndng ctua phan tir sinh hoc. Nganh sinh hoc cau truc dugc mé ra nho vao
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viéc phat hién lién két hydro trong nhitng ciu trac xoan ¢ o, bang p cua protein
(Pauling), trong nhiing cip ADN (Watson va Crick), xodn 3 cua Collagen
(Ramachandran, Kartha, Rich va Crick). TAm quan trong cua lién két hydro can
dugc nhic dén dau tién qua nudc - yéu td co ban cua sy sdng. Nudc chiém 65% tinh
theo trong luong con nguoi va ti 1 cao hon trong ndo, phdi va cic mé co. Dime cua
nuée 1a vi du dau tién dugc sir dung dé giai thich lién két hydro c6 dién. Nho vao
lién két hydro nhitng phan tir nudc hinh thanh cac “dam”, mdi phan tr nudc dong
vai tro déng thoi 14 chat cho va nhan proton. Céu tric, nang lugng, thudc tinh
electron va phd cta nhitng “d4m” nuéc ndy di duoc nghién ciru kha chi tiét. Lién
két hydro con dugc phat hién trong nhimg hé phan cuc nhu dime gitta H,O véi H,S,
NHj, HF, HCI, PH;, CH3;OH, CH5SH; dime cua methanol, formandehit, axit formic,
axit acetic, phenol ... bang viéc str dung cac phuong phap hoéa hoc luong tir khac
nhau [61], [83]. Lién két hydro kiéu 7 ciing 13 van dé kha 1y thé va quan trong [86],
[106], [107]. Nhin chung, kiéu lién két hydro nay it bén hon kiéu lién két hydro ¢
dién. Trong hé lién két hydro kiéu =, ning luong phan tan kha 1on va dong vai tro
quan trong trong ning lugng tong do mat do electron m phan cuc va khuéch tan
trong hé twong tac 7. Lién két hydro con dugc tim thiy trong qué trinh hydrate hoa
va solvate hoa cua cac phan tir. Su solvate hoa ctia nhirng phan tir trung hoa va tich
dién 1a mét qua trinh quan trong voi nhiéu hién tuong hoa hoc va sinh hoc. Tuong
tac hydro trong axit nucleic déng vai trd quan trong trong cau tric xoan doi cia
ADN va ARN cung véi nhitng twong tac “chum”. Lién két hydro 1a nguyén nhan
chinh cho qua trinh gan két gitta ADN va ligand, 14 nhan t6 quan trong trong viéc
lam bén chudi xoan d6i ADN va nghién ciru qua trinh nay s& gitp ich cho viéc thiét
ké nhitng phan tir thudc méi.
2.3.2. Khdi niém va phén logi lién két hydro

Khai niém lién két hydro co dién hay lién két hydro chuyén doi do dugc dua
ra bai Pauling (1931) [111]:

“Lién két hydro A-H--B la mét loai twong tac khong cong hoa tri giita

nguyén tir H thiéu hut electron vai mot viing c6 mat do electron cao, trong d6 A 1



43

nguyén tir ¢ @6 am dién cao va B la vung du electron nhu ion &m hoac nguyén tir
c6 doi electron riéng”.

Lién két hydro 1a mdt trong nhirng khai niém lau doi nhét cua hoa hoc. Hién
nay, voi sy xuat hién nhimg phuong phap 1y thuyét va thuc nghiém, trong dé c6
cach tiép can thong qua tinh toan di giup cho ching ta c6 cai nhin méi vé lién két
hydro. Lién két hydro d phat trién tir khai niém lién két hydro c6 dién dén nhiing
phtc c6 lién két hydro khong cd dién [42], [96]. Trén co so cia cac dir liéu Iy thuyét
va thuc nghiém, vd1 nhiing cach tiép can mdi, ban chit cua phén tr cho va nhan
proton trong lién két hydro duoc dinh nghia lai. Nhitng tiéu chuén thuc nghiém
dugc st dung thanh cong cho thdi ky dau phat hién lién két hydro ciling thay doi.

Sy phan loai lién két hydro theo cac co sd sau:

% Duwra vao ning lwong lién két

Nhin chung, do bén lién két hydro dugc chia 1am ba mac do: yéu, trung binh
va manh. M&i nhém tac gia khac nhau dua ra khoang tri s6 ning leong khéc nhau
cho sy phan loai ba muc. Cu thé:

- Theo Hibbert va Emsley [64] lién két hydro duoc goi 1a yéu khi ning
luong lién két trong khoang 10-50 kJ.mol™, manh khi né trong khoang 50-100
kJ.mol™ va rat manh khi nang luong I6n hon 100 kJ.mol™. Su phan loai nay
duong nhu khong hop ly.

- Desiraju va cong su [40] da dé nghi su phan loai lién két hydro nhu sau: do
bén cua lién két hydro manh c6 ning lugng lién két trong khoang 62-165 kJ.mol™;
dbi véi lien két hydro yéu va trung binh, ning luong lién két trong khoang 4-16
kJ.mol™ va 16-62 kJ.mol ™ twong tng.

- Alkorta va cong su [16] ciing phan loai d6 bén lién két hydro, va cho
rang nang luong lién két thap hon 21 kJ.mol™ 1a yéu, khoang 21-42 kJ.mol™ Ia
trung binh va 16n hon 42 kJ.mol™ duoc coi 12 manh va rat manh. Su phén loai

nay co 1€ hop 1y hon.
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% Duwa vao hinh hoc lién két

Xét vé mat hinh hoc, lién két hydro c6 dién cé thé duoc phan thanh 2 loai:
khong chia nhanh va chia nhanh. B§ bén lién két hydro phu thuoc vao dg dai lién
két va gbc lién két hydro, vi thé no co tinh dinh hudng. Tuy nhién, sy 1éch nho khoi
tuyén tinh (nhoé hon 20°) c6 it anh hudng 1én d6 bén lién két hydro. Nguogc lai, do
bén cua lién két hydro phu thudc manh mé vao d6 dai lién két hydro (ti 1& nghich
theo ham mil vdi khoang cach).

Ngoai ra, lién két hydro con c6 thé dugc phan thanh 2 loai: lién két hydro noi
phan tir va lién két hydro ngoai phan tir. Lién két hydro noi phan tir Ia lién két hydro
dugc hinh thanh trong ciing mot phan ta, lién két hydro ngoai phan ta dugc hinh
thanh do it nhat hai phan tir trong tac véi nhau.

% Duwra vao ban chit lién két hydro

Duya vao nhitng thudc tinh dic trung cua lién két hydro, lién két hydro thanh
hai loai: lién két hydro c6 dién hoic chuyén doi do va lién két hydro khdng cé dién
hoic chuyén doi xanh.

2.3.3. Lién két hydro chuyén doi dé va lién két hydro chuyén doi xanh

Sy hinh thanh lién két hydro ¢ dién X-H-Y ddng hanh véi viée kéo dai lién
két X—H, lam giam tan s6 dao dong hoa tri va ting cudng d6 hong ngoai tuong tmg khi
phirc hinh thanh so véi monome. Bic trung ndy goi 14 sy chuyén doi do va 1a dic trung
quan trong nhat cta tuong tac hydro. Khi hinh thanh phirc, mat do electron dugc
chuyén tir phan tir nhan proton dén obitan ¢*(X—H) ctia phan tir cho proton, két qua
1am cho lién két X—H tro nén yéu di, kéo dai va tan s6 dao dong hoa tri giam. Nhu vay,
d6i voi lién két hydro co dién c6 5 dic trung tiéu bicu: (a) kha bén, (b) lién két X—H
tham gia trong lién két hydro yéu di (dai ra), (c) mat do electron khoang 0,01 — 0,03 e
dugc chuyén tir phan tir nhan proton Y dén phan tir cho proton c¢6 chira lién két X—H,
(d) tan sd dao dong hoa tri cua lién két X—H giam, cudong do hong ngoai twong Gng
tang khi phirc hinh thanh va c6 twong quan véi su thay do6i do dai lién két X—H, (e) ban
chit cua lién két duoc gidi thich dua trén 2 mo hinh: tinh dién (electrostatic model) va

chuyén dién tich (charge transfer), trong ¢6 mé hinh tinh dién chiém uu thé.
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Lién két hydro chuyén doi xanh c6 nhimg thudc tinh trai ngugc, lién két X—
H bi rit ngin, tan s6 dao dong hoéa trj ctia né ting so véi trong monome tuong Gmg
khi lién két hydro hinh thanh [65, 66]. Mot trong nhiing bang chung thi nghiém dau
tién vé lién két hydro chuyén xanh dugc phét hién trong dung dich boi Sandorfy va
cong sy nam 1980, cac tac gia ndy phat hién thdy co su chuyén dén tan sé cao hon
cia C—H trong cac phtrc giira floparafin (-CHF,) va cac phan tir nhan proton khac.
Céc tac gia cho rang do nguyén tir F va H canh nhau trén nguyén tr C nén lam giam
d6 axit cia lién két C—H. Bang ching thuc nghiém th 2 (ndm 1989) phat hién
trong dung dich v6i sy hinh thanh phic cia CHCI; véi trifomylmetan (CH(OCH3)3)
do Budesinsky [30]. Vao nam 1997, Boldeskul di thong bao vé sy chuyén doi xanh
ctia nhitng phirc haloform véi nhitng phan tir nhan proton khac nhau. Mai dén nim
1999 bang ching thuc nghiém dau tién mdi duge phat hién trong pha khi khi nghién
ctru cac phire gitta CHF3, CHCI; va CsHsF bing cach do phd hong ngoai, dong thoi
tim thdy c6 sy phu hop 6t giita tinh toan va thuc nghiém. Bit dau tir day, nhiéu
nghién ctru Iy thuyét vé lién két hydro chuyén doi xanh bang phuong phap héa hoc
luong tir da dugc thuc hién va rat nhiéu cong trinh khoa hoc lién quan da dugc cong
bd. Nguoi dit nén mong nghién ctru Iy thuyét cho lién két hydro chuyén doi xanh 1a
nhém nghién ctru cia Hobza khi nghién ctru sy hinh thanh phtrc cua CgHg v&1 CHy,
CHClI; va CgHs. Cac tac gia tim thiy lién két C—H rat ngin, tdn s6 dao dong hoéa tri
C—H ting va di goi kiéu lién két nay 1a “phan lién két hydro (anti—hydrogen bond)”,
sau nay duoc thay thé bai tén goi khac 1a lién két hydro chuyén doi vé ving xanh
(blue-shifting hydrogen bond), va chung toi goi tat 1 lién két hydro chuyén doi
xanh. Cho dén nay c6 kha nhiéu bang ching vé thuc nghiém va 1y thuyét cho loai
lién két nay. Hién nay c6 khoang 5 mé hinh chinh, mdi mé hinh déu c6 nhiing uu
nhugc diém riéng trong viéc giai thich ban chét lién két hydro chuyén doi xanh:

(a) Dua vao su chuyén mat do electron tir Y khong truc tiép dén obitan phan
lién két o*(X—H) ma chuyén dén phan xa trong phén tir cho proton, dan dén sy sap

xép lai hinh hoc toan phan tir va mang lai sy rt ngan lién két X—H.
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(b) Su rat ngan d6 dai lién két do luc day khoang cach ngin dat dbi dién véi
nguyén tir H do qua trinh 1am bén phirc [62].

(c) Su rat ngin lién két X—H duoc giai thich do truong dién cua Y giy nén
va dao ham moémen ludng cuc am cua phan tir cho proton theo d6 dai lién két X—H.

(d) Tuong tac siéu lién hop ngoai phan tir tir Y dén obitan o*(X-H) yéu so
vGi su tai lai hoa trén nguyén tir X mang lai su rat ngan d6 dai lién két X—H

(e) Su rat ngin do dai lién két X—H do su chuyén mat d6 electron tir bén phai
ciia H nho vao su ¢ mit ctia phan tir cho proton Y vé phia lién két X—H, két qua 13
lién két X-H bén hon.

Tuy nhién, trong cic mo hinh trén van chua c6 md hinh nao hop 1y nhét cho
viéc giai thich ban chit cta lién két hydro. Nhin chung, su phan loai lién két hydro,
giai thich ban chat lién két hydro chuyén doi xanh cta cac quan diém trén déu dua
chu yéu khi ching d3 hinh thanh phtc. Qua hé thdng héa phan 16n nhimg nghién
ctru trong linh virc lién két hydro chuyén doi xanh, cing véi cac két qua dat duoc,
chung t6i budc dau thiy rang sy phan loai lién két hydro 1a chuyén doi xanh hay do
c6 thé dya vao nhirng phan tir cho va nhan proton ban dau: mirc dé chuyén doi xanh
tan s6 dao dong hoa tri lién két X—H ti 1& nghich véi d§ phan cuc lién két X—H, ti 1&
nghich véi do bazo pha khi ctia Y trong monome ban déu.

2.3.4. Phuwrong phdp nghién civu lién két hydro
2.3.4.1. Phuwong phap thuc nghiém

Phuong phap nhiét dong cung cap wdc doan dinh luong vé do bén lién két
hydro, cu thé 1a ning luong phan ly lién két. Mac do phan ly thay do6i theo nhiét do
va ap suat. Pho hong ngoai (IR) va cong huang tir hat nhan (NMR) ciing 13 phuong
phap thong dung dé phan tich nhitng tuong tac lién két hydro trong nhitng hé khac
nhau. Nhiing kiéu dao dong cia phan tir khi cd lién két hydro hinh thanh bi anh
huong. Thong thuong, proton c6 mat trong tuong tac lién két hydro thuong giam do
bén khi phic hinh thanh (dbi véi lién két hydro c6 dién). Nhimg “dam” phéan tir
duogc tao ra & pha khi trong diéu kién khéng va cham, vi thé c6 thé dung nhiing két

qua ctia phuong phap Héa hoc lugng tir mirc ly thuyét cao dé so sanh véi sé liéu thu
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dugc tir thue nghiém. Tuy nhién, van dé khao sét chi tiét nhiing lién két khong cong
hoa tri n6i chung va lién két hydro néi riéng van con la thir thach 16n cho cac nha
Hoéa hoc thuc nghiém. Phd nhidu xa tia X 1a cdng cu quan trong trong viéc nghién
ctru lién két hydro, chu yéu lién két hydro ton tai ¢ trang thai tinh thé. Khi ciu trdc
tinh thé duoc xac dinh theo phuong phap tia nhiéu xa tia X, ta s& biét vi tri cua tat

ca cac nguyén tur. Tir vi tri quan sat nay co thé quan sat vi tri caa nhdm AH déi voi

7
A

nguyén tir B caia phan tir 1an can va ¢ thé “nhin thay” lién két hydro X—H--Y.
2.3.4.2. Phirong phdp 1y thuyét

C6 nhiéu phuong phap héa hoc luong tir (HF, post-HF, thuyét DFT) va bo
ham co so khac nhau duoc str dung dé du doén lién két hydro. Cuing véi né 1a viéc st
dung cac phan mém tinh toan hoa hoc lugng tir nhuw Gaussian, Molpro, Gamess, AIM
2000, NBO 5.G, ... Tuy nhién, muc d6 chinh xac cua cac phuong phéap la khac nhau,
phu thudc vao viéc xir Iy mic d6 twong quan electron. B co s& anh huéng manh dén
do dai lién két, goc lién két, thuoc tinh electron, phd dao dong, ning leong tuong tac,
... Vi vay, viéc chon bd co s& rit quan trong trong viéc du doan cac tuong tac yéu,
dic biét 1a lién két hydro. Trong lién két hydro, sy khuéch tan electron trong viing
kh& rong nén bo co sé md ta electron phai chira ddng thai ham phan cuc va ham
khuéch tan. Ngoai ra, dé két qua du doan nang luong tuong tac dang tin cay doi hoi
phai hiéu chinh ning luong dao dong diém khéng (ZPE) va hiéu chinh sai sé do sy
chdng chat vi tri bo co s (BSSE). Mb ta hién dai cua lién két hoa hoc néi chung va
lién két hydro ndi riéng dua vao thuyét AIM. Dya vao mat do electron (p(r)) ta cé thé
rut ra nhitng théng tin hoa hoc cu thé. Trén co so thuyét AIM, Poperlier da khao sat
hang loat cac phiic khac nhau cé lién két hydro va rdt ra 8 tiéu chi co thé xac nhan
lién két hydro hinh thanh khi 2 phan tir tuong tac voi nhau:

(1) Phai c6 diém t6i han lién két (BCP) cho mdi lién két hydro;

(2) Mat do electron (p(r)) tai diém tsi han lién két (BCP) trong gidi han
0,002-0,035 au;

(3) Laplacian (V2(p(r))) tai diém t6i han lién két trong khoang 0,02-0,15 au;

(4) Phai c6 su thdm nhap cua nguyén tir nhan proton va proton;
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(5) Giam dién tich caa nguyén ti hydro tham gia lién két hydro;

(6) Giam d6 bén vé mit niang luong cua nguyén ti hydro tham gia lién két
hydro trong phiic so véi trong monome ban dau;

(7) Giam d6 phan cyc ludng cuc cua nguyén ti hydro tham gia lién két
hydro;

(8) Giam thé tich nguyén tir hydro tham gia lién két hydro.

Trong 8 tiéu chi trén, 3 tiéu chi dau thuong dugc sir dung nhét khi nghién
ctu lién két hydro.

Ngoai ra, phan tich NBO con cong cu hitu dung dé tim hiéu lién két hydro,
phan loai lién két hydro la chuyén doi xanh hay do.
2.4. Hé chit nghién ciru
2.4.1. Péi twong nghién ciru

Xuat phat tir y tudng ban chét cua lién két hydro C/N/O—H---O/N phu thudc
chinh vao d6 phédn cuc va do bazo pha khi ctia phan tr cho va nhan proton trong
monome ban dau, dong thoi tim hiéu anh hudng cia cac tuong tac yéu hinh thanh
trong phuc téi lién két hydro va do bén céc phtrc, mot sb hé co ban di duoc chon
dé nghién ctru v6i sy co6 mit lién két cong hoa tri C/N/O—H tham gia vao lién két
hydro gdm:

1) Tuong tac cua C,H,4, C,H;X, XCH=CHX (X =F, Cl, Br) vdi CO,

2) Tuong tac cia XCH,OH (X = H, CHjs, F, Cl, Br) vdi CO,

3) Tuong tac cia CH3SZCHX, (X =H, CHg, F, Cl, Br; Z= 0, S) vdi CO,

4) Tuong tac cia CH;COCHR, (R = H, CHg, F, CI, Br) véi CO, va XCN (X

=F, Cl, Br)

5) Tuong tac cia NH,CHO, XNHCHO (X = F, Cl, Br, CH3) véi H,0O

6) Tuong tac cuia RCHO véi CH3CHO (R = H, CH;s, F, CI, Br)

7) Tuong tac cia RCHO véi1 XCN (R =H, F, Cl, Br, CH3, NH,; X=H, F)

8) Tuong tac cua cytosine vdi guanine

Céc hé nghién ctru trén dugc chon dé khao sat vi:
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- Xem x¢€t sy phu thudc cua loai lién két hydro vao d¢ phan cuc cua lién
két C—H, N-H, O—H, d6 bazo pha khi cta cac nguyén tir O, N tham gia vao lién két
hydro trong monome ban dau;

- Céac phén tir cho proton twong dbi co ban, gom cac hydrocarbon va céc
hop chit chira nhém chtrc nhu hydroxyl, carbonyl, amine, sulfonyl, thiosulfonyl,
déu c6 chira cac lién két C—H hodc N—-H véi mirc ¢ phan cuc khac nhau véi hy
vong s& gitip ich cho viéc hiéu ban chat lién két hydro chuyén doi xanh ciing nhu
phan loai lién két hydro;

- C6 thé phat hién thém nhiing phtc cho lién két hydro chuyén doi xanh
v6i su tham gia lién két C—H va N-H trong lién két hydro nhim bd sung thém di
lidu vé lién két hydro chuyén doi xanh;

- Pé giup hiéu hon cdu tric hinh hoc bén, d6 bén va vai tro dong gop cua
cac lién két hydro C—H---O/N va N—H---O/N trong mdt sb cip bazo nito.

- scCO;, siéu t6i han ngay cang c6 nhiéu tng dung trong tach, chiét cic san
pham, hoat chit quy tir cdy c6 dé phuc vu cho nganh cong nghiép dugc phim, my
pham va thuc phdm dang rat phat trién va duoc sir dung & nhidu qudc gia trén thé
gidi, trong d6 c6 Viét Nam. Gan day, dung méi scCO, con duoc sir dung trong tong
hop hoéa hoc, téng hop nano, vat liéu polyme va cong nghé xa hiém [82]. Do d6 viéc
hiéu 15 cac twong tac dic biét gitta CO, va cac phan tir wa CO, nhu hydrocarbon,
carbonyl, hydroxyl, amine,... s& gop phan dinh huéng cho viéc lya chon, thiét ké
céc vat liéu hoa tan t6t CO, bdo hoa [83];

- Céc cyanide XCN (X = F, CI, Br) mdc du khong an toan cho cac qua
trinh dung moi-hoa tan nhung mot vai trong sé chung duoc sir dung trong nghién
clru tuong tac gilra cadc phan tir [104]. Hon nita viéc lya chon nghién ciu céc
cyanide trén tuong tac véi nhom carbonyl dé hiéu ngudn goc cac tuong tic cb thé
tmg dung cho viéc st dung bé mit cac polyme chira nhom carbonyl dé hap thu cac
cyanide gitp bao vé moi trudong.

- Dimethyl sulfoxide (DMSO) thudong dugc stir dung trong nghién ctru sinh

hoc, héa ly va 1a mot dung méi thong dung trong xtr Iy phan dung moi siéu téi han
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[92], [144]. N6 ¢6 nhiéu Gng dung quan trong trong micro hoa cia cic hop chat
duoc pham, polyme, xuc tac, chit siéu din va vat liéu mau [118]. P c6 mdt vai
nghién ctu thuc nghiém va 1y thuyét vé& cic phuc cua tuong tac gitta DMSO véi
CO,, H,0 [18], [92] nhung mdt nghién ctru sdu vé mit 1y thuyét tai mirc d6 phan tir
van chua dugc thuc hién. Hon nitra DMSS d3 duoc téng hop thuc nghiém [56] va
md ta vé 1y thuyét [135] nhung tuong tac ciia nd véi CO, chua duoc khao sat.

- Formamide (NH,CHO) duoc coi 1 phan tir tién chat cia su séng nho vao
thanh phﬁn nguyén td, duoc phat hién & cac vi sao va sy c6 mat cua nhom peptit
[12], [22], [49]. Céc phirc ciia NH,CHO cung cap mé hinh don gian cho nghién ctru
tuong tac gitra cac phan tur trong cac hé 16n nhu protein hay axit nucleic, dac biét 1a
lién két hydro trong cac hé nay.

- Cytosine va guanine 13 hai trong s6 bon bazo nito chinh dugc tim thiy
trong AND, ARN. Cip cytosine-guanine bén nhiét va 1am 6n dinh gen hon nhiéu
so véi cap adenine-thymine. Trong AND, cdp bazo Watson-Crick cytosine-
guanine dugc hinh thanh béi ba lién két hydro [138]. Tuy nhién, tuong tic cta Cac
cip cytosine-guanine van con gdy nhiéu tranh cii, gitta chiing c¢6 nhiéu kiéu tuong
tac khac nhau va ban chit cia cac twong tac ciing khac nhau, nhung chua duoc
lam r6 [27].

2.4.2. Phuong phdp nghién ciuu

Hinh hoc t6i wu cho tit ca cac cu tric cia monome va phtrc dugc tién hanh
bang viéc sir dung phuong phap nhiéu loan Magller-Plesset (MP2), phuong phap
phiém ham mat do (B3LYP) véi cac bd ham tuong quan cao, gom 6-311++G(d,p),
6-311++G(2d,2p), 6-311++G(3df,2pd), aug-cc-pVDZ va aug-cc-pVTZ. Cac muc ly
thuyét dugc chon déu kha tét trong viéc wdc doan hinh hoc, ning luong tuong tac
cho cac phirc twong tac yéu, lién két hydro [60], [130]. Hinh hoc cac phuc duge t6i
uu ma khong cé su chén ép vé mit hinh hoc nao. Tan sb dao dong hoa tri dugc tinh
dé dam bao hinh hoc t6i uu 13 cuc tiéu trén bé mit thé ning va udc doan ning luong
diém khong (ZPE). Pé tranh sy cip doi dao dong cia cac nhom CHj trong
CH3SZCHs;, CH3COCH; va NH, trong NH,CHO, guanine, cytosine, tan sé dao
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dong hoa tri1 dugc tinh theo hi¢u ung déng vi. Nang luong diém don cho tt ca cac
phtc va monome hau hét dugc tinh toan theo phwong phép tuong tic chum
CCSD(T) v6i bo ham co so cao (aug-cc-pVTZ, 6-311++G(3df,2pd)) trén cd so hinh
hoc dd ti wu. Sai s do chong chit bo co sé (BSSE) tinh theo giai phap
Counterpoise ciia Boys va Bernadi [29] dugc dénh gia cing muc 1y thuyét tinh ning
lugng. Ning lugng tuong tac cua mdi phirc dugc tinh 1a su khac nhau giita ning
luong tong cua phirc v6i tong nang luong ciia cac monome tuong tng, hiéu chinh
ZPE (AE = Epnge - (Emonomer + Emonomez)) va hiéu chinh ca ZPE va BSSE (AE" = AE
+ BSSE). Enthalpy tach proton (DPE) dugc tinh 14 bién thién enthalpy ctia phan tmg
tai pha khi: AH — A™+ H*, va i luc proton (PA) duoc tinh 14 gia tri trai dau bién
thién enthalpy ctia phan tng tai pha khi: A + H* — AH". Tat ca c4c tinh toan cau
trac electron duoc thwc hién bang phdn mém Gaussian 03 (E.01) [52] hoic
Gaussian 09 (A.02) [53]. Hinh hoc topo, mat d¢ electron (p(r)) va Laplacian
(VZ(p(r))) tai diém t6i han lién két (BCP) duoc tinh toan dua trén thuyét AIM [55],
[99] va duogc thuc hién bsi phin mém AIM 2000 [26]. M4t d6 thé niang (V(r)) va

mat do dong ning (G(r)) tai BCP cua tuong tac axit-bazo Lewis va lién két hydro

dugc tinh theo cbébng thitc [55]: G(r)= % (37%)%% p°(r) +%V2p(r) ;

V(r) :%Vzp(r)—ZG(r). Céc dac tinh electron cia monome va cac phuc dugc danh

gi4 qua phan tich NBO véi viéc sir dung phan mém NBO 5.G [57]. Dé danh gia cac
hop phan ning luong dong gop tdi cac tuong tac yéu trong viéc lam bén phuc,
thuyét nhidu loan phu hop dbi xtmg (SAPT) [33], [73] di duoc sir dung. Tinh toan
SAPT2+ cho cac tuong tac trong cac phirc hinh thanh dugc thuc hién v6i phan
mém Psi4 [142]. Ning luong tuong tac tong theo SAPT2+ dugc phan tich thanh 4
hop phan: tinh dién (Eeest), cam tmg (Eing), phan tan (Egisp), trao ddi (hoic luc day
Pauli Eeen). Do vdy, niang lugng tuong tic tong theo SAPT dugc tinh theo biéu
thitc: E¥"™* = Eqjet + Eing + Egisp + Eexen + SE', trong d6 8E"" bao gdm bac 3 va
béc cao hon ciia cam tng va cam ung trao d6i. Ngoai ra con mét s6 phan mém hd
tro khac nhu Gaussview, Molden, Corel Draw, Origin,... con duoc st dung trong

nghién ctu.
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Chuwong 3. KET QUA VA THAO LUAN

3.1. Twong tic giira ethylene, din xudt thé mono (C,H;X) va dihalogen
(XCH=CHX) cua ethylene véi CO,
3.1.1. Twong tdc giita ethylene va CO,

Tuong tac gitta CoHy v6i CO, tai muc 1y thuyét MP2/aug-cc-pVDZ thu duoc
6 phuc bén thudc nhom diém dbi xung Cy,. Céu trac hinh hoc 1an luot duge ki hiéu
la P1, P2, P3, P4, P5 va P6 va hinh hoc topo theo phén tich AIM tuong tng duoc
thé hién & hinh 3.1. Ning lugng tuong tac AE (hiéu chinh ZPE), AE~ (hiéu chinh
ddng thoi ZPE va BSSE) tai CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ, mot sd
thong sb tiéu biéu tai diém t&i han BCP, sy thay d6i do dai lién két, tan sé dao dong
hoa tri cua lién két C-H tham gia vao lién két hydro so véi monome ban dau duogc

tap hop & bang 3.1.
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Hinh 3.1. Dang hinh hoc bén va hinh hoc topo cac phirc twong tac ctia
ethylene véi CO, (don vi khoang cach 1a A)
Nhu nhin thay trong bang 3.1, ning luong twong tic cua cac phirc trong
khoang tir -2,5 dén -6,4 kd.mol™ khi hiéu chinh ZPE, tir -1,1 dén -4,9 kJ.mol™ khi
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hiéu chinh ZPE va BSSE, va tiang theo thir tw P6 < P3 < P1 < P4 < P2 < P5. Nhu
vay, do bén phirc giam theo thu ty P6 > P3 > P1 > P4 > P2 > P5.
Bang 3.1. Cac dai luong tiéu biéu khi phirc hinh thanh

Phtic P1 P2 P3 P4 P5 P6
AE /kJ.mol™ -4,0 2,8 -6,1 -3,2 -2,5 -6,4
AE’/kJ.mol* 2.4 -1,5 4,5 -1,5 1,1 -4,9

o((O-~-H)/(O--C))au  0,0056 0,0046 0,0064 0,0050 0,0044 0,0065
V4(p(O--H)/(O~C))au 0,0202 0,0181 0,0205 0,0216 0,0202 0,0226

H(r)/au 0,0007 0,0009 - 00009 00012 -
Ar(C-H)/mA 01 02 - 05 -05 -
Av(C-H)/cm™ 1,0 -4.7 - 4,0 5,6 -

Dang luu ¥, phtc P6 chua duoc cong bd trude diy va bén hon phirc P3. Ciu
trac bén nhat caa C,H,+CO, (P6) phul hop voéi tién doan ctia Miller va cac cong sy
[23] cho ring CO, nam trén mit phang cua phan tir C,H,, truc ctia CO, song song
v6i mit phing ndy nhung khong song song voi truc C=C cua C,H,. Tai muc 1y
thuyét CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ, ning luong tuong tac ciia P6 12
-6,4 kJ.mol™ khi hi¢u chinh ZPE va -4,9 kJ.mol™ khi hiéu chinh ca ZPE va BSSE;
twong tng véi P3 1a -6,1 va -4,5 kJ.mol™. Két qua nay cua phirc P3 duong hon so
v6i két qua Alkorta va cong su thu dugc & MP2/aug-cc-pVTZ va MO5-2x/6-
311++G(d,p) [15].

Hinh 3.1 cho thay tat ca cac khoang cach tiép xuc O--H trong phtic P1 va P4
khoang 2,72 A, x4p xi tong ban kinh Van der Waals ciia hai nguyén tir H va O (2,72
A), thé hién sy c6 mit cua lién két hydro C-H--O trong P1 va P4. Trong phic P2
va P5, khoang cach tiép xuc O-H xép xi 2,87-2,88 A, 16n hon mét it so véi tong
ban kinh Van der Waals ctiia H va O, nén lién két hydro C-H-~-O ¢6 mit trong hai
phtic do su dong gop bd tro 1An nhau cta chung. Sy xuit hién cac diém BCP trén
dudng ndi giira hai nguyén tir tham gia twong tac trong cac phirc ciing (hinh 3.1) hd

tro cho nhan dinh nay.
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Tét ca cac gia tri p(r) va V(p(r)) tai cac BCP cua tiép xac O-+H déu thude
giéi han cho su hinh thanh lién két hydro (0,002-0,035 au va 0,02-0,15 au dbi véi
p(r) va V¥(p(r)) twong tmg) [41], [87], [113]. Do do, tat ca cac tiép xuc trén déu 1a
cac lién két hydro va ching 1a nhimg lién két hydro yéu do gia tri V3(p(r)) va H(r)
tai BCP cua cac tiép xtic déu dwong [121]. Tom lai, d6 bén cac phtc P1, P2, P4 va
P5 do céac lién két hydro yéu C—H--O déng gop. Két qua phan tich NBO thiy c6 su
chuyén mat d6 electron (EDT) tir CO, t&i C,H, trong P1, P2, P4 va P5, nguyén
nhan boi twong tac siéu lién hop chuyén mat do electron tir cip electron riéng n(O)
ctia CO, t6i obitan phan lién két o*(C—H) ctia C,H,. Céc gia tri twong Gmg ctia EDT
d6i v6i P1, P2, P4, P5 14 0,0054 e; 0,0034 e; 0,0022 e va 0,0018 e.

Dbi voi phirc P3, khoang cach twong tac CO la 3,28 A (MP2/aug-cc-
pVDZ), gan voi gia tri 3,30 A (MP2/aug-cc-pVTZ) cua Alkorta cong bd trong tai
lidu [15] va 16n hon mét it so véi tong ban kinh Van der Waals cua nguyén tir C va
O (3,22 A). Véi hinh hoc nay, Alkorta va cac cong su [15] cho rang d6 bén cua
phuc do twong tac yéu C--C giita nguyén tir C thiéu electron cua CO, va hai nguyén
tr C giau electron ctia C,H,. Tuy nhién, phan tich AIM chi ra su ton tai cia mot
diém t6i han lién két gitra nguyén tir C (CO,) va trung tdm cua lién két d6i C=C
(C,H.), va hai BCP ndi giita hai nguyén tir C (C,H,) va hai nguyén ti O (CO,)
trong P3 (hinh 3.1). Dé x4ac nhan thém quan sat ndy, chung t6i thuc hién phan tich
NBO d6i voi phirc P3 tai MP2/aug-cc-pVDZ. Két qua thay rang c6 su chuyén mat
do electron tir obitan n(O) va n(C=0) cua CO; tdi n*(C1=C4) cua C,H, (twong ing
ning lwong chuyén khoang 2,3 va 1,5 kJ.mol™). Pong thoi, su chuyén mat do
electron theo hudng nguoc lai cling dugc tim thay tir obitan m(C1=C4) (C,H,) téi
*(C=0) (CO,) vdi gia tri 12 niang lugng twong tmg 1a 3,6 kd.mol™. Cac két qua trén
chi ra sy ton tai ctia cac twong tac p--* VA w7 trong viéc lam bén phuc P3. Hai
su chuyén nguoc nhau nay dan t6i ting mat do electron trén phan tir C,H, v6i gia tri
0,0018 e. Xu hudng chuyén mat do electron nay khac véi két qua dua ra trong cong
bd [15], mat d§ electron duogc chuyén tor cac nguyén tu cacbon giau dién tich am

sang phan tir c6 nguyén tir cacbon thiéu dién tich am.
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Pbi voi phitc P6, twong tac m-+-m* dong vai trd chinh trong viéc 1am bén phtc
boi su chuyén electron tir obitan ©(C=C) d&én © (C=0). That vdy, c6 mot BCP duy
nhat ndi gitra C (CO,) voi trung tam lién két doi ctia C,H,, va gia tri nang luong
twong tac siéu lién hop tir n(C=C) téi n*(C=0) khoang 4,6 kJ.mol™ d x4c nhan
nhan dinh nay. Tuong tac duy nhét ndy dan dén su chuyén mat do electron tir C,H,
to1 CO, voi gia tri 0,0018 e.

Nhu vay, su hinh thanh cac phuc P1, P2, P4, P5 do su dong gop cua cac lién
két hydro C—H:+-O, trong khi phirc P6 dugc quyét dinh bai twong tac m-m*, va phirc
P3 quyét dinh boi cac twong tac m-* va p--*. Pang cha ¥, sy dong gop cua
tuong tac - w* téi d6 bén cac phurc gitta CO, véi cac phan tir wa CO, chua duoc
cong bd trude day.

Dé hiéu rd hon dic trung cua lién két hydro, ching t6i khao sat chi tiét lién
két hydro C-H---O trong P1, P2, P4, P5. Két qua bang 3.1 cho thiy c6 su thay d6i
nho do dai lién két C—H va tan sb dao dong hoéa tri twong tng so véi monome ban
dau C,H,. Cu thé, trong cac phic P1, P4 va P5, d6 dai lién két C—H rat ngin
khoang 5,0 mA va tin s dao dong hoa tri ting khoang 6,0 cm™. Nguoc lai, do dai
lién két C—H kéo dai 2,0 mA va giam tin sé dao dong hoa tri 4,7 cm™ d6i véi phuc
P2. Do d6, hai lién két hydro trong P1, P4 va P5 thudc lién két hydro chuyén doi
xanh, P2 chta lién két hydro chuyén doi do. Céc tinh toan & mic 1y thuyét cao hon
tai MP2/aug-cc-pVTZ ciing xac nhin xu hudng nay. Cu thé, ddi véi P1, P4 va P5,
khi phirc hinh thanh d6 dai lién két C—H lan luot rat ngan 0,1 mA; 0,4 mA; 0,5 mA;
va tan s dao dong hoa tri ting 1,0 cm™; 3,4 cm™; 4,0 cm™ tuwong tng. Pdi v6i phirc
P2, 6 dai lién két C—H ting 0,3 mA va tan sb dao dong hoa tri giam 6,6 em™. Két
qua phan tich NBO con cho thay su rat ngan va chuyén doi xanh tan s6 dao dong
hoa tri cta lién két C—H trong lién két hydro C-H:-O & P1, P4, P5 dugc quyét dinh
boi sy ting phan trim dic tinh s & nguyén tir C, su chuyén doi d6 cia lién két C—H
tham gia vao lién két hydro trong P2 dugc quyét dinh bdi su gia ting mat do
electron & 6*(C—H).

3.1.2. Tuwong tdac cia C,H;X véi CO,
3.1.2.1. Dang hinh hoc, phdn tich AIM va nang luong tuong tac
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Pé danh gi anh huong cua cta cac nhom thé trén ethylene t6i sy hinh thanh
phutc v6i CO,, chung t6i tién hanh téi wu hinh hoc cua cac phitc COp+-CoHzX &
MP2/aug-cc-pVDZ thu duoc 12 phitc bén v6i 4 dang cau tric nhu hinh 3.2. Hinh
hoc topo cta cac dang phirc ciing duoc thé hién & hinh 3.2. Tit ca cac phic déu
thudc nhom diém ddi xtimg Cs. Khoang cach va ning lugng twong tic cta cac phic
tap hop & bang 3.2; ning luong tach proton (DPE) cua lién két C—H va ai luc proton
(PA) tai nguyén tr X trong cac monome duogc liét ké ¢ bang 3.3.

‘R1 f 2
ghz ARL o

*, R2

P3X

P1X

P1X-AIM P2X-AIM P3X-AIM P4X-AIM

Hinh 3.2. Cac dang hinh hoc bén, hinh hoc topo cua cac phuc CO;--CoH3X
(X =F, Cl, Br)

H¢ phuc CO, --C,H3X khong tdn tai cau trac hinh hoc tuong ty P3 va P6 cua
tuong tac gitra ethylene voi CO,. Noi cach khac, tuong tac m---n* khong c6 kha nang
hinh thanh khi phan tir CO, tuong tac voi dan xuat thé C,HsX. Pidu nay dugc giai
thich boi sy giam mat do electron 7 cua lién két C=C khi thay thé nguyén tir hydro
trong ethylene bang cac nguyén tir halogen c6 do am dién 16n dan dén su twong tac
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CO,-C,H;X khong xuét hién cac tuong tac mn* gidng nhu P3 va P6 trong phirc
glﬁ:a COz"'C2H4.
Bang 3.2. Khoang cach tuong tac (A) va ning luong twrong tac (kJ.mol™)

Phtc P1X P2X
X F Cl Br F Cl Br
R1 2,94 2,94 2,93 2,85 3,29 3,41
R2 2,58 2,54 2,52 2,62 2,51 2,51
AE" -1,13 -1,15 -1,18 -5,57 -5,43 -5,40
P3X P4X
X F Cl Br F Cl Br
R1 2,88 3,31 3,41 2,79 2,75 2,76
R2 2,57 2,50 2,50 2,61 2,57 2,55
AE" -5,35 5,09  -4,99 -2,42 255  -2,62

Bang 3.2 cho thiy cac khoang cach H5-+-09, H3--09 va C7--X6 trong cic
phtrc déu nho hon téng ban kinh Van der Waals giira hai nguyén tir trong tac (H
va O 1a 2,72 A; C vé6i F, Cl, Br lan luot 14 3,17 A; 3,45 A va 3,55 A). Do vay
budc diu cho thiy co6 mit tuong tic axit-bazo Lewis C4-X6-+C7 va lién két
hydro C4-H5---09, C1-H3---O9 trong cac phurc trén. Trong cac phirc dang P1X,
P4X mic du khoang cach H2:--08 va H2--O9 hoi 16n hon tong ban kinh Van der
Waals ctia 2 nguyén tir tham gia twong tac nhung chung t6i nhan dinh van c6 su
hinh thanh lién két hydro do anh hudng bd tro tir lién két hydro C4-H5--09
trong phuc [81], [92], [119].

That vay, hinh hoc topo tuong tng ciia cac phtc (hinh 3.2) thé hién 1 su ton
tai cac diém BCP giita cac tiép xtc C++-X va H-O trong céac phirc. Tai cic BCP, mat
d6 electron p(r) trong khoang 0,0039-0,0084 au va Laplacian V?(p(r)) trong khoang
0,0165-0,0414 au, déu thudc gidi han duoc dé nghi cho tuwong tac yéu [41], [87],
[112 ], khang dinh su tOn tai cac tuong tac duoc dé cap O trén. Mat do electron tai
cac BCP cua tiép xac H5--09 trong P1X, P4X (0,0061-0,0079 au) 16n hon so véi
tiép xtac H2--08(9) (0,0039-0,0047 au), nén lién két hydro C4-H5--09 dong gop
dang ké hon so v6i C1-H2--08(9) trong viéc lam bén cac phirc dang P1X, P4X.
Déi voi cac phitc dang P2X va P3X, p(r) tai BCP cuia tiép xtc 09:-H5(3) c6 gia tri
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kha 16n (0,0069-0,0080 au), xap xi véi tiép xuc C7--X6 (0,0063-0,0084 au), nén
lién két hydro C4-H5--09 (P2X), C1-H3:-09 (P3X) va twong tac axit-bazo Lewis
C4-X6--C7 (P2X, P3X) duoc hinh thanh kha bén. Gia tri p(r) cua tiép xtc H2:-08
trong P1X (0,0039-0,0040 au) nhé hon tiép xuc H2---09 trong P4X (0,0044-0,0047
au) nén lién két hydro C1-H2--09 (P4X) bén hon C1-H2---08 (P1X) (bang 3.2).
Ning luong tuong tic cla cac phtc nam trong khoang tir -1,13 dén -5,57
kd.mol™ (bang 3.2), nén cac phtic kha bén. Trong do, cac phirc P2X bén nhit va
kém bén nhat 1a cac phirc P1X. Céac phtrtc P2X va P3X bén hon nhiéu so véi P1X
va P4X do & P2X va P3X ¢6 mit twong tac axit-bazo Lewis C4-X6---C7 dong vai
trd 16n trong viéc 1am bén phirc. Cac phirc P4X bén hon cac phirc P1X khoang 2 lan
do su hinh thanh lién két hydro C1-H2--09 & P4X bén hon lién két hydro C1-
H2---0O8 ¢ P1X.
Bang 3.3. Enthalpy tach proton (DPE) cua lién két C—H va 4i luc proton (PA)
tai X cta C,HsX tai CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ
Lién két C,H, C,HsF C,HCl C,H3Br
Cl-H2 1752,3 1692,7 1683,5 1675,6
DPE (kJ.mol™) C1-H3 1752,3 1671,5 1667,0 1654,9
C4-H5 1752,3 1692,0 1661,3 1647,3
PA (kJ.mol™) 593,9 600,1 658,0

Két qua bang 3.3 cho thy DPE cua lién két C—H giam va PA tai X ting theo
the ty dan xuat thé F < Cl < Br nén dd bén cua cac lién két hydro, twong tac axit-
bazo Lewis ting theo tht ty ndy, va do vy c6 thé dan dén ning lugng tuong tac cac
phuc ting theo thr ty trén. Tuy nhién, cac phtic din xuat thé P2X, P3X c6 do bén
thay doi theo chiéu nguoc lai, cho thiy do bén cua cac dang phitc ndy ngoai twong
tac axit-bazo Lewis con duoc dong gop bai yéu to hut tinh dién (46 am dién giam
dan tir F dén Br nén kha ning tuong tac vi C (CO,) giam dan va két hop véi su
dong goép ciia BSSE 16n ¢ dan xuat thé Cl, Br nén do bén cta cac phirc P2X, P3X
giam nhe theo trat tu trén). Déi voi cac phic P1X va P4X, do bén tang dan theo trat
tu thé F dén Br do do phan cuc gia ting cua lién két C—H tham gia lién két hydro
theo trat tu thé nay. Tuy vay, do bén cua cac dan xuat thé halo gen xép xi nhau ung

véi ting dang phuec.
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3.1.2.2. S thay doi d¢ dai lién két, tan sé dao dong héa tri

Chung t6i tiép tuc nghién ciru sdu vao lién két hydro hinh thanh trong cac
phtc. Dé phan loai lién két hydro, su thay doi d6 dai, tin s6 dao dong hoa tri cta
cac lién két C—H tham gia vao lién két hydro tai muc 1y thuyét MP2/aug-cc-pVDZ
duoc tap hop 0 bang 3.4. Cac lién két C-H c¢6 su cap doi dao dong déu duoc tinh
theo hiéu tng dong vi.

Bang 3.4. Sy thay d6i do dai (Ar, mA), tin sé dao dong hoa tri (Av, cm™) cia cac
lién két C—H tham gia lién két hydro trong cac phirc so vdi monome ban dau

Phtrc Liénkét X  Ar  Av  |Phiic Liénkét X  Ar Av
F 06 45 F 05 63

ClH2 cl 02 -12 |P3X Cl-H3 cClI -04 61
. Br 03 -32 Br -0,3 6,0
F 06 81 F -06 6,0

C4H5 Cl -08 84 ClH2 ClI -05 42

Br -09 97 |p4X Br -04 38

F 09 10,9 F 1,2 13,0

P2X C4H5 ClI -06 90 C4H5 cClI -1,3 134
Br -05 77 Br -1,4 14,2

Tir bang 3.4 ta thay, khi phtc hinh thanh, d6 dai cac lién két C—H tham gia
vao lién két hydro trong hau hét cac phuc déu bi rit ngin (0,3-1,4 mA), tuong tmg
voi tAn s6 dao dong hoa tri ting (3,8-14,2 cm™) so véi trong monome ban dau. Cac
dic diém nay déu phu hop voi tinh chat cua lién két hydro chuyén doi xanh [94],
nén day la cac lién két hydro chuyén doi xanh. Ngoai trir cac phic P1CI, P1Br ¢
d6 dai lién két C1-H2 tang va tan s6 dao dong hoa tri giam, nén lién két hydro trong
hai phtrc nay 1a lién két hydro chuyén doi do. Nhin chung, sy thay thé mot nguyén
tr H trong C,H, bdi mot nguyén tir halogen 1am cho sy chuyén doi xanh tan sé dao
dong hoa tri cua lién két C—H déu tang 1€n so voi trong phirc CoHy-CO,, trir lién
két hydro C1-H2---O8 trong P1X, mic du dd phéan cuc lién két C—H trong C,H, yéu
hon trong C,H3X (bang 3.3). Khi di tir ddn xuat thé cia F dén Cl va dén Br, su
chuyén doi xanh cua céc lién két C—H (P2X, P3X) va C1-H2 (P4X) giam dan, do

phan cuc lién két C-H tang dan. Do d6, mirc d6 chuyén doi xanh ti 1€ nghich véi do
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phan cyc cua lién két C—H trong monome ban dau (bang 3.3 va bang 3.4). Tuy
nhién khi di tir dan xuét thé F dén Br, cac lién két C4-H5 trong P1X, P4X c6 mirc
d6 chuyén doi xanh tan s dao dong hoa tri ting dan, trai nguoc voi su ting do phan
cuc lién két C4-H5 trong cac monome. Do vay c6 thé ndi mic d6 chuyén doi xanh
cta lién két C—H tham gia vao lién két hydro bén canh sy phu thudc chinh vao do
phan cuc lién két C—H trong monome ban dau con phu thudc vao dang cdu trac hinh
hoc cta phtrc hinh thanh.
3.1.2.3. Phén tich NBO

Dé lam rd hon v& ban chat cac lién két hydro trong cac phirc thu duoc, ching
t6i tiép tuc phan tich NBO & cung mic MP2/aug-cc-pVDZ, cac két qua tiéu biéu
dugc théng ké trong bang 3.5. Gian dd xen phit mat do electron tong cua cac dang

phttc dugc minh hoa ¢ hinh 3.3.

P1F P2F P3F P4F

P1CI P3CI P4ACI

P1Br P2Br P3Br P4Br

Hinh 3.3. Gian dd mat d¢ electron ctia cac phuc (isovalue = 0,002 au)
Hinh 3.3 cho thiy c6 sy xen phu mat do electron giita cac phan tir twong tac,

minh chimg cho sy hinh thanh cac twong tic axit-bazo Lewis va lién két hydro
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trong cac phuc trén. BDang luu y, ving xen phu mat d¢ electron cua cung mot dang
phtrc xap xi nhau nén cac phtic cua cac dan xuat thé halogen khac nhau c6 do bén
xap xi nhau, hoan toan phu hgp véi cac nhan dinh & trén.

Bang 3.5. Phan tich NBO o MP2/aug-cc-pVDZ

Phrc Liénkét  EDT x10° () Ac*(C-H) (€) A%s(C) (%)

C1-H2 4,56 0,0009 0,01
P1F

C4-H5 4,56 0,0008 0,36

Cl-H2 5,15 0,0001 0,01
P1CI

C4-H5 5,15 0,0009 0,41

Cl-H2 5,57 0,0011 0,01
P1Br

C4-H5 5,57 0,0010 0,45
P2F C4-H5 -0,46 0,0001 0,43
P2ClI C4-H5 -0,43 0,0009 0,54
P2Br C4-H5 -0,85 0,0010 0,37
P3F C1-H3 0,64 0,0013 0,37
P3ClI C1-H3 0,65 0,0019 0,44
P3Br C1-H3 0,14 0,0019 0,63

Cl-H2 2,63 0,0004 0,12
P4F

C4-H5 2,63 0,0004 0,27

Cl-H2 3,05 0,0004 0,14
P4CI

C4-H5 3,05 0,0006 0,32

Cl-H2 3,17 0,0004 0,12
P4Br

C4-H5 3,17 0,0006 0,36

Tri s6 chuyén mat do electron tong (EDT) & cac phitc dang P1X, P3X va
P4X déu duong, minh ching su chuyén mat do electron tir CO, sang C,HsX chiém
wu thé hon so véi chiéu nguoc lai. Hay noi cach khac trong ba dang phirc nay, su
chuyén mat do electron tir n(O) trong CO, dén o*(C—H) ctia C,H3;X chiém uu thé

hon sy chuyén electron tir n(X6) ctia C,H3zX dén 6*(C=0) ctia CO,. Trai lai, d6i voi
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dang phuc P2X, su chuyén mat do electron tur n(X6) cua C,H3X dén 6*(C=0) cua
CO, chiém vu thé hon su chuyén mat d6 electron tir n(O) ciia CO, dén 6*(C—H) cua
C,H3X, do d6 tri s6 EDT c6 gia trji 4m.

Két qua bang 3.5 cho thay khi phtrc hinh thanh tt ca cac lién két C—H déu c6
phan trim dic tinh s cua nguyén tir C(H) ting 1én khoang 0,01-0,63 % va mat do
electron & obitan o*(C—H) ting trong khoang 0,0001-0,0019 e. Do viy, su chuyén
doi xanh cia lién két C—H trong cc phuc nhin chung do sy ting phan tram dic tinh
s ctia nguyén tir C tham gia lién két C—H quyét dinh, trai lai su chuyén doi do cua
C1-H2 trong P1CI, P1Br do su ting mat do electron ¢ o*(C—H) quyét dinh.

3.1.3. Twong tac cua XCH=CHX (X =F, Cl, Br) voi CO,
3.1.3.1. Dang hinh hoc, nang luong twong tac va phan tich AIM

Chung t6i tiép tuc khao sat twong tac cia dan xuat dihalogen cua ethylene
(XCH=CHX) véi CO, dé danh gia anh hudng cia su thay thé t6i cac turong tic ciing
nhu anh hudng cta d6 phin cuc cua lién két cong hoa tri C—H tham gia vao tuong
t4c trong monome ban dau tdi lién két hydro va sy chuyén doi xanh tan sé dao dong
hoa tri cia n6. Mdi monome XCH=CHX tbn tai hai dang hinh hoc Ia cis-
XCH=CHX va trans-XCH=CHX.

Séau dang hinh hoc bén cua cac phic XCH=CHX:---CO, v61 X = F, Cl, Br,
dugc tdi wu tai mirc Iy thuyét MP2/aug-cc-pVDZ (hinh 3.4). Cac phirc duoc ki
hiéu 1a C1X, C2X va C3X dbi véi cac phirc cis-XCH=CHX:-CO, va T1X, T2X,
T3X v61 céc phac trans-XCH=CHX:-CO,. Nang lugng tuong tic tai
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ va mot sb thong s hinh hoc cia céac
phtrc dugc tap hop trong bang 3.6. Hinh hoc topo cta cac phtrc nhu trong hinh 3.5.
Mat do electron (p(r)), Laplacian (V(p(r))) va mat do ning luong téng H(r) tai
diém t&i han lién két (BCP) duogc liét ké trong bang 3.7. Dé danh gia do bén cua
cac phirc khao sat, chung t6i tinh enthalpy tach proton (DPE) cua lién két C—H
tham gia vao lién két hydro va 4i luc proton (PA) tai nguyén tir X trong monome
XCH=CHX ban dau. Cac gia tri thu dugc tai CCSD(T)/aug-cc-pVTZ//MP2/aug-
cc-pVDZ liét ké trong bang 3.8.
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b) Cac phire trans-XCH=CHX:-CO,
Hinh 3.4. Hinh hoc cac phtrc hinh thanh gitta CO, va XCH=CHX (X =F, ClI, Br)
Két qua cho thiy, cac khoang cach tiép xac H-+O va X-~-C (X = F, Cl, Br)

déu nho hon tong ban kinh Van der Waals cua hai nguyén tir twong tac. Cac két qua
phan tich AIM trong bang 3.7 va hinh 3.5 ciing chi ra sy ton tai ctia cac BCP tai cac
tiép xuc. TAt ca cac gia tri p(r) va V(p(r)) tai BCP déu phu hop véi gii han cho su
hinh thanh cua lién két hydro. Thém nita, 46 16n cac goc £OCO déu nho hon 180°
(ngoai trir cac phitc dang C3X), d6 dai lién két C=0 thay ddi (kéo dai véi lién két
C=0 tham gia vao twong tic va rut ngan voi lién két C=0 khong tham gia vio
tuong tac) khi phirc hinh thanh. Tét ca cac biéu hién trén 1a két qua caa sy hinh
thanh lién két hydro va tuong tac axit-bazo Lewis [116], [119]. Do bén lién két

hydro trong cac phirc yéu, khong mang ban chat cong héa tri, diéu nay duoc minh
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chimg boi gia tri dwong cia V*(p(r)) va H(r) (twong tmg trong khoang 0,0213-
0,0327 au va 0,0005-0,0010 au). Gia tri p(r) tai tit ca cac BCP cua tiép xuc C—H:+O
trong XCH=CHX--CO, nim trong khoang 0,0058-0,0097 au. Cac gi4 trj nay lon
hon p(r) tai BCP cua C-H-O trong C,H3X--CO, (0,0039-0,0080 au) va
CH,=CH,-CO, (0,0044-0,0056 au). Nhu viy, lién két hydro C-H--O trong
XCH=CHX-*CO, bén hon trong C,H3;X:-CO, va bén hon trong CH,=CH,-+-CO,.
Bang 3.6. Ning luong twong tac (kJ.mol™), khoang cach tiép xtc (A), goc
Z0CO ciia CO, (°) va su thay doi do dai lién két C=0 (A)
Phitc  AE AE" R1  R2(R3) £0¢C,05 Ar(C;0g) Ar(C;Oq)

C1F -3,7 -1,7 2,67 2,67 179 0,0002 0,0002
CiCl 43 -1,8 2,63 2,63 179 0,0002 0,0002
CiBr -59 -22 2,61 2,61 179 0,0002 0,0002
C2F -8,5 -6,6 2,59 2,88 179 0,0015 -0,0021
c2Cl -94 -1,2 2,49 3,30 179 0,0014 -0,0018
C2Br -113 -1,5 2,48 3,42 179 0,0015 -0,0017
C3F -6,4 -44 2,65 2,65 180 0,0014 -0,0018
c3Cl -7,0 -45 2,59 2,59 180 0,0015 -0,0019
C3Br -81 -48 2,58 2,58 180 0,0015 -0,0019
T1F -8,7 -6,5 2,50 2,90 179 0,0012 -0,0020
T1Cl -9,0 -6,6 2,40 3,33 179 0,0011 -0,0016
TiBr -11,1 -6,8 2,39 3,43 179 0,0011 -0,0016
T2F -8,1 -6,3 2,60 2,88 179 0,0012 -0,0018
T2Cl -8,8 -6,6 2,50 3,31 179 0,0013 -0,0016
T2Br -10,6 -6,8 2,48 3,42 179 0,0013 -0,0016
T3F -7,0 -44 325 3,25(2,80) 180 -0,0001  -0,0001
T3CI -9,6 -6,3 3,18 3,18(2,73) 180 -0,0001  -0,0001

T3Br -12,8 -6,7 3,16 3,16(2,71) 180 -0,0001  -0,0001
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Bang 3.7. Phan tich AIM cua cac phirc

Phtrc BCP p(r) (au) VZ(p(r)) (au) H(r) (au)
C1F H2(5)-08(9)  0,0059 0,0213 0,0007
cicCl H2(5)--08(9)  0,0066 0,0227 0,0006
C1Br H2(5)--08(9)  0,0069 0,0224 0,0006
cor H2--08 0,0072 0,0286 0,0010

C7--F3 0,0081 0,0394 -

H2--08 0,0085 0,0308 0,0007
c2cCl

C7--CI3 0,0069 0,0259 -

H2--08 0,0086 0,0312 0,0007
C2Br

C7-Br3 0,0070 0,0243 -
C3F H2(5)-08 0,0058 0,0245 0,0010
C3cCl H2(5)--08 0,0065 0,0268 0,0010
C3Br H2(5)-08 0,0068 0,0275 0,0010
T1F H2---08 0,0079 0,0287 0,0007

C7--F5 0,0069 0,0365 -

H2---08 0,0094 0,0318 0,0005
T1Cl

C7--Cl5 0,0061 0,0249 -

H2---08 0,0097 0,0327 0,0005
T1Br

C7-Br5 0,0064 0,0245 -
o H2---08 0,0071 0,0280 0,0010

C7-F3 0,0081 0,0394 -

H2---08 0,0083 0,0307 0,0008
T2ClI

C7--CI3 0,0069 0,0257 -

H2---08 0,0085 0,0313 0,0008
T2Br

C7--Br3 0,0069 0,0241 -
T3F C1(4)-08(9) 0,0069 0,0237 -
T3Cl C1(4)--08(9) 0,0080 0,0293 -
T3Br C1(4)-08(9) 0,0083 0,0323 -
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Hinh 3.5. Hinh hoc topo ctia cac phire gitra CO, vdi XCH=CHX (X = F, ClI, Br)

S hinh thanh cua cac phitc C1X va C3X la do cac lién két hydro C-H--O
trong khi d6 C2X, T1X, T2X, sy hinh thanh cac phirc dugc dong gop boi ca lién két
hydro va tuong tac axit-bazo Lewis. Trong cac phitc T3X su hinh thanh phtrc 1a do
tuong tac p--* tr n(O) tdi n*(C=C) va tuong tac m--n* tir MO-1(C=0) t6i MO-
*(C=C). Tém lai, sy thay thé hai nguyén tr H trong ethylene boi hai nguyén tur
halogen dan t&i su hinh thanh tuwong tac axit-bazo Lewis C—X---O, lién két hydro C—
H:+-0, tuong tac p-m* Va m--m* dong gop tdi dd bén phirc. Bang 3.6 cho thay, nhin
chung céac phuc cis-XCH=CHX--CO, bén hon cac phirc trans-XCH=CHX:--CO, va
déu bén hon cac phitc ciia CH,=CH,"*CO,. Ning luong twong tic cua cac phirc khi
hiéu chinh ZPE va BSSE cua céac phic cis- XCH=CHX--CO, nam trong khoing
1,7-7,5 kd.mol™, va cta cac phirc trans-XCH=CHX--CO, tir 4,4-6,8 ki.mol™. Véi
cis-XCH=CHX--CO,, d6 bén cac phtic giam theo huéng C2X > C3X > C1X, trong
khi cac phic trans-XCH=CHX---CO, xap xi nhau, ngoai trir phitc T3F. Phiic bén
nhat trong tat ca cac phuic cis-XCH=CHX--CO, va trans-XCH=CHX+-CO, c6 ning
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lurgng hinh thanh phtre 16n hon so véi phic C,H3X:+-CO, va CH,=CH,---CO,. Nhu
vdy, su thay thé hai nguyén tir trong CH,=CH, boi hai nguyén tir halogen X lam
ting d6 bén cla twong tac gitta XCH=CHX vé&i CO,.

Bang 3.8. PA(X) va DPE(C-H) (kJ.mol™) cia XCH=CHX (X = H, F, CI, Br)

CH,=CH, Cis-XCH=CHX trans-XCH=CHX
X H F Cl Br F Cl Br
PA 547 624 656 541 611 640

DPE 1717 1626 1577 1556 1620 1581 1565

Véi ca phic cis-XCH=CHX--CO, va trans-XCH=CHX:--CO,, xét clng ciu
trdc hinh hoc cua cing mét dang phtic, 46 bén cia cac phuc ting theo hudng cua
dan xuat thé tir F t6i Cl va t6i Br (bang 3.6). Nhu duoc chi ra trong bang 3.8, DPE
ctia lién két C—H tham gia vao lién két hydro giam theo huéng dan xuét thé F > Cl >
Br trong ca hai monome cis-XCH=CHX va trans-XCH=CHX. Diéu nay c6 nghia 1a
d6 phan cuc cua lién két C—H ting theo cung hudng. Mit khac, do bazo pha khi tai
nguyén tir X ting di tir F toi Cl téi Br do PA tai X ting theo huéng nay. Két qua 1a
su dong gop cua lién két hydro C-H---O va tuong tac axit-bazo Lewis C—X---C tdi
d6 bén cua cac phuc cis- va trans-XCH=CHX---CO, dugc ting cudng theo hudng tir
dan xuit thé F t6i Cl va cudi cung 1a Br. Didu ndy ching to dd bén cua cac phic
tang theo hudng tuong tu, va phu hop véi céc gia tri nang lugng tuong tac dugc dua
ra trong bang 3.6.

Cac phtc C2X, T1X va T2X bén hon cac phtic con lai. Piéu niy nhan manh
vai tro quyét dinh hon cta tuong tac axit-bazo Lewis C—X--C so véi lién két hydro
C—H---O trong viéc 1am bén cac phuc tao thanh boi twong tac cia XCH=CHX (X =
F, Cl, Br) v6i CO,. Két qua nay ciing chi ra rang su thay thé cua hai nguyén tir H
trong CH,=CH, boi cac halogen lam gidm vai trd ctua tuong tac m--* trong viéc

1am bén phitc XCH=CHX:+-CO, so vdi CH,=CH,~-CO,.
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3.1.3.2. Sw thay doi d¢ dai lién két, tan sé dao ddng héa tri
Su thay d6i d6 dai lién két va tan s6 dao dong hoa tri cua lién két C—H tham
gia vaolién két hydro C-H-O trong cac phtc tuong tic cua CO, voi Cis-
XCH=CHX va trans-XCH=CHX (X = F, Cl, Br) duoc thé hién trong bang 3.9 (tai
MP2/aug-cc-pVDZ).
Bang 3.9. Su thay d6i do dai lién két C—H (Ar, mA) va tan s6 dao dong hoa

tri (Av, cm™) trong cac phirc

Phitc CIF CICI CI1Br C2F  C2Cl  C2Br
Ar(C1H2)  0,1(0,1)  -02(-02) -04(-04) -10  -05  -04
AVCIH2)  -17(-17)  0,7(0,7) 1,5(1,5) 7.1 45 33

Phirc C3F C3Cl C3Br TIF  TICI TIBr
Ar(CIH2)  -12(-12) -12(-12) -12(-12) -08  -09  -09
AVCIH2) 12,6(12,6) 10,8(10,8) 10,9(10,9) 8.6 9,6 10,6

Phirc T2F T2CI T2Br - - -
Ar(C1H2) 0,8 -0,3 -0,3 - - -
AV(C1H2) 8,0 5,6 5,4 ] ; ]

Gid tri trong ngodc la cho lién két C4—H5

Céc két qua bang 3.9 chi ra rang c6 su rat ngdn nhé do dai lién két C—H (0,2-
1,2 mA) va ting tin s dao dong (0,7-12,6 cm™) trong cac phirc hinh thanh, ngoai
trir phire C1F v6i su kéo dai nhe 0,1 mA do dai lién két C—H va giam tan s dao
dong hoa tri 1,7 cm™. Nhu vay, lién két hydro C—H--O thudc loai lién két hydro
chuyén doi xanh trong tat ca cac phirc, ngoai trir phire C1F 1a lién két hydro chuyén
doi do6. Nhin chung, sy rut ngén do dai lién két C—H va tang tan s6 dao dong hoa tri
Cis-XCH=CHX:---CO;
XCH=CHX-CO,. Su rit ngan d6 dai lién két va ting tan sd dao dong cua lién két

trong cac phuc lon hon trong cac phuc trans-
C—H 16n nhat trong C3X va nho nhét trong C1X.
Su thay thé ctia hai nguyén tir H trong C,H, bdi hai nguyén tir halogen c¢6 xu

huéng gy ra su rat ngin do dai lién két va tang tan s6 dao dong ciia lién két C—H
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trong CH,=CH,-CO, nho hon so véi trong cis-XCH=CHX--CO, va trans-
XCH=CHX-*CO,, mic du d6 phan cuc lién két C—H trong CH,=CH, yéu hon. Hon
nita, trong trudng hop cua dan xuét thé dihalogen tuong tac véi CO,, su chuyén doi
xanh lién két C—H trong lién két hydro C—H--O 1a twong ty nhau. Két qua d6 cho
thidy muc d6 rat ngin d6 dai lién két va ting tan s6 dao dong hoa tri phu thudc vao
dang hinh hoc cua phurc hinh thanh bén canh sy phu thudc vao do phan cuc cua lién
két C—H trong monome ban dau.

3.1.3.3. Phan tich NBO

Phéan tich NBO tai MP2/aug-cc-pVDZ dugc thuc hién dé danh gia su chuyén
mat do electron tong (EDT) gitta XCH=CHX va CO,, mat do electron trén obitan
6*(C1-H2) hodc 6*(C4-H5), phan trim dic tinh s tai C1(H2) hodc C4(H5) va ning
luong twong tac siéu lién hop ndi phan tir. Cac két qua phan tich NBO duoc lua
chon duoc trinh bay trong bang 3.10. Su ton tai cua cac lién két hydro C-H--0 va
tuong tac axit-bazo Lewis trong cac phirc C2X, T1X va T2X dugc minh chirmg mot
14n nira boi sy chuyén mat do electron tir n(0) tdi 6*(C1-H2) voi ning luong tuong
tac siéu lién hop khoang 3,0-11,3 kd.mol™ va tir n(X) t6i obitan ©(C=0) véi ning
lwong tuong tac siéu lién hop khoang 3,3-4,2 kd.mol™. V&i C1X va C3X, sy hinh
thanh phtrc ctia chung chi do cac lién két hydro C—H-+0, nén c6 su chuyén mat do
electron tir obitan n(O) t6i 6*(C-H), nang luong tuong tac si€u lién hgp cua su
chuyén nay khoang 0,9-4,0 kJ.mol™.

Gia tri EDT duong chi ra su chuyén mat do electron tr XCH=CHX t61 CO,,
va gia tri am chi ra su chuyén nguoc lai. Khi phtrc hinh thanh, c6 su chuyén mat do
electron tir XCH=CHX t61 CO, trong cac phuc C1X, C3X, T1X, T2X, T3X trong
khi sy chuyén nguoc lai dugc quan st trong C2X. Piéu nay cho thiy vai trd 16n
hon cua lién két hydro C-H:+-O so véi tuong tac axit-bazo Lewis C—X---C khi dong
gop t4i nang lugng hinh thanh phic tong cong cua C1X, C3X, T1X, T2X, T3X.
Nguoc lai, d6 bén ctia C2X duogc quyét dinh chinh boi twong tac axit-bazo Lewis

vuot hon lién két hydro C—H--O.
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Bang 3.10. Phan tich NBO cua cac phirc XCH=CHX--CO, (X = F, ClI, Br)
(MP2/aug-cc-pVDZ)

AG*(C— Einter(n(o)) Einter(n(x) AEintra( n(X)
EDT A%s(C)
Phurc © H) ) — 6*(C-H)) —-n*(C=0) — ¢*(C-H)
e 0
(e) (kd.mol)!  (kmol™)  (kd.mol™)
3,43°
C1F -0,0061 0,0013 0,26 . - 1,17
0,88
3,85°
C1Cl -0,0076 0,0015 0,29 . - -1,59
0,96
3,97°
C1Br -0,0082 0,0015 0,33 . - -1,51
0,92
C2F 0,0001  0,0002 0,47 3,10 4,06 2,76
C2Cl 0,0002  0,0011 0,54 5,77 3,93 -1,92
C2Br 0,0003 0,0013 0,50 6,07 4,20 -1,46
C3F -0,0029 0,0004 0,27 2,68 - -1,34
C3Cl -0,0039 0,0005 0,30 3,18 - -1,26
C3Br -0,0041 0,0006 0,32 3,14 - -0,92
T1F -0,0016  0,0012 0,44 6,61 3,18 -0,92
T1Cl -0,0032  0,0021 0,61 10,75 3,31 -1,34
T1Br -0,0031 0,0022 0,66 11,30 3,51 -1,05
T2F -0,0003 0,0004 0,44 3,39 4,02 -1,80
T2Cl -0,0001 0,0014 0,54 5,98 3,89 -1,09
T2Br -0,0002 0,0015 0,56 6,32 4,14 0,71
T3F -0,0003 - - 1,51° 1,09¢ 3,52°
T3Cl -0,0009 - - 2,13° 1,76" 4,77
T3Br -0,0007 - - 1,84° 2,59¢ 5,06°

% Jién két C4-H5, ® lién két C1-H2, © tir n(0) téi obitan 7*(C=C), ¢ tir obitan
m(C=0) téi obitan z*(C=C), ® tir obitan #(C=C) t6i n*(C=0)
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Su ton tai cia tuong tac yéu p--m* trong T3X 1a do su chuyén mat do
electron tir n(O) ctia CO, t6i *(C=C) cua trans-XCH=CHX, v&i nang lugng tuong
tac si€u lién hop khoang 1,5-2,1 kJ.mol™. Hon nita, khi phuc hinh thanh, mat do
electron duoc chuyén tir obitan m(C=C) t6i 7*(C=0) va tir obitan ©(C=0) t6i
m*(C=C). Nang luong tuong tac siéu lién hop twong tng nim trong khoang 3,5-5,1
ki.mol™ cho sy chuyén n(C=C)—n*(C=0) va 1,1-2,6 kl.mol™ cho su chuyén
1(C=0)—n*(C=C). Piéu nay chi ra su ton tai ctia twong tac yéu mn* trong viéc
1am bén phtrc T3X. Do dé, d6 bén phirc T3X dugc dong gop boi cac tuong tac yéu
- TT* VA T,

Khi phttc hinh thanh, mat d6 electron tang khoang 0,0002-0,0022 e trén
obitan 6*(C1-H2) va o*(C4-H5), va phan trim dic tinh s tai C1(C4) ting khoang
0,26-0,66 % so véi trong monome ban dau trong C1CI, C1Br, C3X, T1X, T2X,
T3X. Nhu vay, sy tang phén tram ddc tinh s cua C1(C4) vugt hon sy tang mat do
electron trén obitan o*(C1-H2) va o*(C4-H5) dong vai tro quyét dinh t&i su rat
ngin va ting tan s dao dong cua lién két C1-H2 va C4-H5. Tuy nhién, su chuyén
doi do cua tan sb dao dong C1-H2 va C4-H5 trong C1F duoc quyét dinh boi su
tang 0,0013 e trén obitan 6*(C1-H2) va 6*(C4-HS5) vuot hon sy tang nhe 0,26 %
phan trim dic tinh s tai C1(C4) khi phtrc hinh thanh.

NHAN XET

- Tuong tic cua ethylene, din xuit thé mono (C,HsX), dihalogen
(XCH=CHX) cua ethylene véi CO, da duogc khao sat . Nang lugng tuong tac cac
phirc dugce tinh toan nam trong khoang tir -1,1 t6i -7,5 kJ.mol™ khi hiéu chinh ca
ZPE va BSSE tai CCSD(T)/aug-cc-pVDZ//IMP2/aug-cc-pVDZ  (phuc
C,H3X:CO,) va tai  CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVDZ  (phtic
C,H4-CO, va XCH=CHX:-CO,). Nhin chung d bén cac phirc déu ting 1én khi
thay thé cac halogen.

- D6 bén phitc C,H,CO, dugc quyét dinh boi twong tac 7-w* do ¢d sy chuyén
electron tir obitan ©(C=C) t§i ©*(C=0) vuot hon su chuyén tir ©(C=0) t&i ©*(C=C).

Dang chu y, sy dong gop cua tuong tac m--m* téi sy hinh thanh phirc cua cac phan tur
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ua CO, va CO, duoc phat hién 1an dau tién. Su thé H boi halogen 1am giam va lam
léch mat do electron 7 ctia lién két C=C trong C,H, nén trong cac phirc thé dihalogen
(dang T3X) tuong tic ndy yéu di nhiéu va khong xuit hién trong cic phic bén
C,H3X-+CO,. P bén cac phuc thé halogen dugc dong gop boi cac lién két hydro, lién
két hydro va tuong tac axit-bazo Lewis, trong tac p--m* va twong tic mw-*.

- Khi thay thé nguyén tir H ¢ lién két C—H trong C,H, bang cac nhom thé
halogen khac nhau (F, Cl, Br) déu lam ting do bén tuong tac axit-bazo Lewis va
lién két hydro, gay nén do bén cua phtc ting 1én so vdi phitc CoHyCO,. Vi cac
phtrc C,H3X:-CO,, céc dan xuit thé halogen khac nhau c6 do bén Xép xi nhau, con
cac phirc din xuét thé dihalogen, do bén cia cac phire ting dan tir dan xuat thé F t6i
Cl va toi Br.

- D3 phat hién lién két hydro chuyén doi xanh C—H--O trong cac phirc. Khi
phuc hinh thanh, su rat ngin d6 dai va ting tin s6 dao dong cua lién két C—H tham
gia vao lién két hydro C-H---O trong cac phitc XCH=CHX--CO, va CO,"C,H;X
déu 16n hon so véi trong phitc CH,=CH,-CO,. Cac két qua thu duoc chi ra rang
murc do rat ngén do dai va tang tan s6 dao dong hoa tri cua lién két C—H ti 1¢ nghich
v6i d6 phan cuc cua lién két C—H trong monome ban dau. Ngoai phu thudc vao
monome ban dau, su chuyén doi xanh lién két C—H con phu thudc nhé vao cAu tric
hinh hoc ctia phtec.

- Két qua phan tich NBO cho thiy, tuong tic axit-bazo Lewis C—X---C duoc
hinh thanh trong cac phtc do c6 su chuyén mat do electron siéu lién hgp ngoai phan
tir tr obitan n(X) dén n*(C=0). Céac tuwong tac p--m* VA m---w* hinh thanh do sy
chuyén mat do electron tir n(0) dén n*(C=0), su chuyén qua lai giita cac obitan
1(C=C) va ©(C=0) va dong gop dang ké vao do bén phiic.

3.2. Phirc twong tac gitra XCH,OH (X = H, CH3, F, Cl, Br) véi CO,
3.2.1. Cac phirc gita methanol va ethanol véi CO,

Chiing t6i tiép tuc nghién ctru twong tac cta cac hop chit hitu co chira nhém
chtic voi CO, dé tim hiéu sy ton tai, vai trd cla cac tuong tic yéu ciing nhu anh
hudng cua sy thé dén do bén cua phuc. Pac biét, viéc nghién ctru giup hiéu siu hon

ban chét lién két hydro chuyén doi xanh dya trén do phan cuc va do bazo pha khi cua
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cac phan tir cho va nhéan proton trong cac monome ban dau. Trudc tién ching toi tién
hanh nghién clru tuong tac cua nhom hydroxyl (~OH) v&i COa.

Hinh hoc bén cac phtic cia su twong tac gitra XCH,OH voi CO, (X = H,
CHj,) tai MP2/6-311++G(2d,2p) duoc liét ké nhu ¢ hinh 3.6.

s 06 ou -CU _»
eSO . -5 3 e@ -

|
®
\

2,74 2,81 3 1\ 3,14,.-,:';:3,14 5‘5:2,74 .
I |
i H6€' | H5
H 02 R & 03
(_/‘V 3 ‘{;‘Hs © < .“".‘\\‘,
é ¢
D1 (Cy) D1-AIM D2 - AIM
Hinh 3.6. Hinh hoc t&i wu, hinh hoc topo (AIM) ctia D1 va D2 (don vi
khoang cach A)

Tuong tac axit-bazo Lewis C5:+-02 va C10--+03 ton tai trong phic D1 va D2
(hinh 3.6) v&i khoang cach cac twong tac déu bing 2,74 A, nhé hon tong ban kinh
Van der Waals cua hai nguyén tir O va C (3,22 A), va gia trj p(r) tai BCP cua tiép
xac C5++02 xap xi v6i C10-+03 (0,012 au), nén c6 do bén xp xi nhau. Két qua
phan tich AIM va NBO con phat hién sy ton tai BCP gitta H3-+06 (D1) va
H5(H6)--011 (D2). Thém nita Sy chuyén electron tir cip electron riéng n(O) (CO,)
dén o*(C1-H3) va 6*(C1-H5(H6)) duoc tim thdy minh ching sy hinh thanh lién
két hydro H3--06 va H5(H6)-O11 trong phirc D1 va D2 tuong tng. Két qua thu
dugc con chi ra rang lién két hydro CH3--06 va CH5(H6) 011 thudc loai lién két
hydro chuyén doi xanh, cu thé, Ar(C1-H3) = -0,12, Av(C1-H3) = 5,08 cm™ (D1);
Ar(C1l- H5(H6)) = -0,20 mA, Av(C1-H5(H6)) = 6,14 cm™ (D2). Mit khac, goc
£0CO (CO,) trong cac phitc khoang 178°, minh chung xa hon viéc ton tai cac
tuong tac, phi hop véi cac nghién ciru vé su twong tac gitra cac chat voi CO, [116],
[119]. Ning luong tuong tac cua phirc D2 (-13,5 kJ.mol™) hoi Ién hon D1 (-12,8
kJ.mol™) khi hiéu chinh ZPE. Tuy nhién, khi hiéu chinh dong thoi ZPE va BSSE,
ning luong tuong tac ¢ hai phirc bang -9,4 kJ.mol™. Nhu vay, d6 bén cua hai phic

la xap xi nhau. Véi két qua dat duoc tai muc 1y thuyét MP2/6-311++G(2d,2p),
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ching toi dé nghi ton tai dong thoi lién két hydro chuyén doi xanh C-H--O va
tuong tac axit-bazo Lewis trong cac phuc gitra methanol va ethanol véi CO, ngoai
ra, két qua phan tich AIM va NBO chi ra rang twong tac axit-bazo Lewis dong vai
trd quyét dinh so vai lién két hydro trong viéc lam bén phirc, khdng phai chi c6 lién
két hydro hodc twong tac axit-bazo Lewis dong vai tro lam bén phirc trong cac cong
bd trude day [38], [122], [136].

3.2.2. Cac phirc giita XCH,OH (X = F, Cl, Br) véi CO,

3.2.2.1. Dang hinh hoc, nang luong twong tac, phan tich AIM

Thuc hién t6i wvu & mac MP2/6-311++G(2d,2p) ching t6i thu dugc 6 phirc
bén cua sy twrong tac gitra XCH,OH (X = F, Cl, Br) v6i CO, (hinh 3.7). Tri s6 ning
lwong tuong tdc AE va AE ™ cua cac phuc tap hop ¢ bang 3.11. Hinh 3.7 cho thdy c6
sy hinh thanh twong tac axit-bazo Lewis 02:--C5, X8--C5, va lién két hydro
06--H3, O7--H4 trong cac phuc. Su thay thé mot nguyén tir H trong nhdm CHj ctia
CH3OH bdi mdt nguyén tur halogen X lam cho khoang cach O2---C5 tang, nguoc lai
khoang cach O6---H3 giam so vdi trong phitc D1, chimg té twong tac axit-bazo
Lewis trong cac phtc dang M1 (M1F, M1Cl, M1Br) kém bén hon so véi trong D1
va nguoc lai, lién két hydro trong cic phtrc dang M1 bén hon so véi D1.

Nhitng két qua trén phu hop vé6i 4i luc proton (PA) tai nguyén tir O2 trong
cac dan xuit thé halogen XCH,OH (khoang 860,1 kJ.mol™, bang 3.11) nho hon &
CH5OH (926,1 ki.mol™), nén twong tac axit-bazo Lewis kém bén hon. Bén canh do,
nang luong tach proton (DPE) cua lién két C1-H3 trong cic dan xuat thé halogen
XCH,OH nho hon trong CH;OH (1653,3 kJ.mol™), nén lién két hydro trong céac
phuc dan xuat thé véi CO, bén hon so véi phitc cia CH;OH v6i CO,. Ning lugng
twong tac cac phirc dang M1 (khoang -7,9 kd.mol™) Ién hon D1 (-9,4 ki.mol™) hay
phutc dang M1 kém bén hon dang D1, cho thay tuong tac axit-bazo Lewis dong vai

trd quyét dinh dén do bén cac phic so vai lién két hydro.
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Hinh 3.7. Cac dang hinh hoc bén, hinh hoc topo cta phic XCH,OH:CO,
(X =F, CI, Br) (khoang cach c6 don vi A)
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Bang 3.11. Nang lugng tuong tac, ai luc proton & O2 va nang lugng tach proton cta

lien két C1-H3 trong cac din xuat XCH,OH tai MP2/6-311++G(2d,2p) (kJ.mol™)

M1F M1CI M1Br M2F M2Cl M2Br
AE -13,2 -13,2 -13,4 -14,6 -14,3 -14,8
AE" 7,9 7,7 7,9 9,7 -9,3 -9,9
PA 855,4 861,2 872,2

DPE 1621,3 1606,4 1577,4

Dang chu y, viéc thay thé 1 nguyén tir H trong CH;OH béng cac nguyén tir
halogen (F, Cl, Br) con lam xuat hién dang hinh hoc M2 (M2F, M2Cl, M2Br) bén
va c6 nang luong tuong tac trong khoang -9,3 dén -9,9 kl.mol™, giam nhe so véi
D1. O dang céu trac ndy ton tai lién két hydro O2—H4---07 kha bén (p(r) va V*(p(r))
tai cac BCP gitra O7---H4 1an lugt 1a 0,012-0,014 au va 0,049-0,055 au), vi vay, do
bén cac phirc giam theo thir ty M2 > D1 > M1. Ngoai ra, gia tri mat do electron &
cac BCP cua cac twong tac twong umg trong timg dang phuc cua cic dan xuat thé
halogen x4p xi nhau, minh chtng cac phirc c6 d6 bén xap xi nhau, phu hop véi két
qua tinh ning lugng tuong tac thé hién & bang 3.11.
3.2.2.2. Sy thay doi do dai lién két, tan s6 dao dong hoa tri va phan tich NBO

Su thay do6i do dai lién két, tan s6 dao dong hoa tri cua cac lién két C—H, O—
H tham gia vao lién két hydro tai MP2/6-311++G(2d,2p) dugc tap hop & bang 3.12
(c4c lién két C—H c6 sy cip doi dao dong déu dugce tinh theo hiéu ing dong vi).

Bang 3.12. Sy thay ddi d6 dai (Ar, mA), tan sb dao dong hoa trj (Av, cm™) cuia cac lién

két C1-H3 va O2—-H4 tham gia lién két hydro trong cac phtc so véi monome ban dau

C1-H3 02-H4
Ar Av Ar Av
F -0,31 7,2 F 1,32 -17,42
M1 Cl -0,07 4,7 M2 Cl 1,31 -17,89
Br -0,13 5,2 Br 1,29 -17,43
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Két qua bang 3.12 cho thdy, ddi véi cac phitc dang M1, do dai lién két C1—
H3 rat ngan dong thoi tan sé dao dong hoéa trj ting, nén lién két hydro C1-H3--06
trong cac phuc thudc loai lién két hydro chuyén doi xanh. Mtic d6 chuyén doi xanh
ctia c4c lién két C1-H3 kha nho, x4p xi ¢ cac dan xuat thé halogen va xdp xi voi su
chuyén doi xanh & lién két C1-H3 trong phire D1. Trai lai, ¢ cac phic dang M2 ¢6
su kéo dai lién két O2-H4, giam tan sd dao dong hoa tri so voi trong monome ban
dau, nén lién két hydro O2—-H4---O7 trong phirc thudc loai lién két hydro chuyén doi
d6. Su chuyén doi d6 ¢ cac lién két O2—H4 nay kha manh va x4p xi nhau ¢ cac dan
xudt thé halogen.

Dé lam 16 hon vé ban chat cac lién két hydro trong cac phirc thu duge, ching
t6i tiép tuc phan tich NBO & cing mic MP2/6-311++G(2d,2p), két qua théng ké
trong bang 3.13. Dién tich nguyén tir H tham gia trong lién két hydro déu ting lén
(Aq(H3(4)) > 0) cung voi su ting phan trim dic tinh s tai nguyén tir C1(H3) va
02(H4) (A%s(C1) > 0 va A%s(02)). Nhu vay, sy chuyén doi xanh cia C1-H3 ¢
M1 duoc dong gop boi sy giam mat do electron & o*(C1-H3) va su ting phan trim
dic tinh s & nguyén tir C1(H3). Trai lai, su chuyén doi d6 cua lién két 02-H4 trong
M2 duogc quyét dinh béi su ting mat do electron cia 6*(02—H4).

Bang 3.13. Phan tich NBO ¢ MP2/6-311++G(2d,2p)

M1 M2
F Cl Br F Cl Br
Ac*(Cl1— Ac*(02—
-0,0007 -0,0006 -0,0005 0,0010 0,0015 0,0016
H3) (e) H4) (e)
A%s(C1) A%s(02)
0,21 0,24 0,23 0,68 0,96 1,03
(%) (%)
Aq(H3) Aq(H4)
© 00106 0,0106 0,0103 © 00154 0,0181  0,0187
e e
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NHAN XET

- Céc phtic bén ctia trong tac gitta XCH,OH (X = H, CHs, F, C1, Br) véi CO, da
duoc khao sat tai muc 1y thuyét MP2/6-311++G(2d,2p). Nang luong twong tac cac phac
thu dugc nam trong khoang tir -7,7 dén -9,9 kJ.mol™ (hiéu chinh ZPE va BSSE).

- D6 bén cac phirc duoc dong gdp boi tuong tac axit-bazo Lewis va lién két
hydro. Déi voi cac phitc D1, D2 va cac phitc dang M1, tuong tac axit-bazo Lewis
dong vai tro chinh va c6 su bd trg cia lién két hydro C—H:+O trong viéc 1am bén
phuc; nguoc lai, dd bén cac phic dang M2 do lién két hydro ¢ dién (chuyén doi
d6) O—H--O quyét dinh, vuot troi hon twong tac axit-bazo Lewis. Nhin chung, khi
thay thé d6 bén cac phtic cta twong tac gitta XCH,OH véi CO, xp xi nhau.

- Pang chu ¥, két qua nghién ctru dd phat hién su ton tai lién két hydro chuyén
doi xanh C—H-+-O trong cac phurc gitra methanol va ethanol véi CO, - chua ting duoc
cong bd trude ddy. Két qua phan tich NBO cho thy su chuyén doi xanh cia lién két
C—H trong lién két hydro C-H-+O phu thudc vao sy giam mét do electron & o*(C—H)
va su ting phan trim dic tinh s & nguyén tir C(H) khi phirc hinh thanh.

3.3. Tuong tiac ciia nhém >S=0 va nhém >S=S trong cic din xuit thé nhém
methyl va halogen ciia CH;SOCH; va CH3SSCH; véi CO,

Tiép tuc theo dudi van dé lién két hydro chuyén doi xanh hay do phy thudc
vao d6 phan cuc lién két C—H trong monome ban dau, va xem xét su ton tai cac
turong tac yéu khac ciing nhu sy dong gop cua chung téi dd bén phirc, chung toi
khdo sat tuong tadc cia nhém dimethyl sulfoxide (DMSO) va nhom dimethyl
thiosulfoxide (DMSS) véi CO..

3.3.1. Twong tac cia CH3;SZCH; (Z = 0, S) voi CO,

Tién hanh t6i wu cdu tric cac phitc CH3SZCHs-CO, (Z = O, S) tai MP2/6-
311++G(2d,2p), ching t6i thu dugc ba phirc dang T1, T2 va T3 (hinh 3.8). Céc
thong s6 gdm khoang cach tuong tac, mat do electron (p(r)) va Laplacian VZ(p(r))
tai cac diém toi han lién két duoc tap hop trong bang 3.14. Véi muc dich kiém tra,

ning lugng tuwong tic tinh tai hai muc 1y thuyét khac nhau (MP2/aug-cc-
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pVTZ//IMP2/6-311++G(2d,2p) va CCSD(T)/6-311++G(3df,2pd)//MP2/6-
311++G(2d,2p) ciling dugc trinh bay trong bang nay.

Hinh 3.8. Cac dang hinh hoc bén cia cac phire gitta CH;SZCH; (Z = 0,S) va CO;
Bang 3.14. Nang luong tuong tac (kJ.mol™), khoang cach tuong tac (A), mat do
electron va Laplacian (au) cua cac phirc CH3SZCHg---CO,

Z=0 Z=S

T1 T2 T3 T1 T2 T3

AE? -17,2  -143 -174 -17,1 -13,8 -16,9

AE® -17,6  -148 -17,7 -16,8 -13,6 -16,4

AE™ -144  -109 -13,7 -142 -938 -13,2

AE™ -145 -11,3 -140 -135 -9,6 -12,0

R1 hoac R3 2,63 3,49 2,65 2,59 3,37 2,54
R2 2,77 2,69 2,70 3,33 3,30 3,30
p(Z---C)/p(O---S) 0,0119 0,0143 0,0140 0,0079 0,0085 0,0085
p(O---H) 0,0064 0,0139 0,0062 0,0073 0,0059 0,0075

V3(p(Z--C)/(p(O---S)) 0,0468 0,0556 0,0536 0,0272 0,0296 0,0291
V3(p(O--H)) 0,0228 0,0359 0,0209 0,0258 0,0224 0,0248
 Phwong phdp MP2/aug-cc-pVTZIIMP2/6-311++G(2d,2p), "phuong phdp
CCSD(T)/6-311++G(3df,2pd)//IMP2/6-311++G(2d,2p)

Nhin chung, két qua thu dugc cho thay tat ca cac khoang cach twong tac O---C
(CO,), S---C (COy), H--0 (CO,) va S--0 (CO,) déu gan bang hodc nhé hon tong ban
kinh Van der Waals cta hai nguyén tir twong tac (3,22A (O---C); 3,50 A (S---C); 2,72A
(H--0) va 3,32 A (S--0)). Ngoai ra, cac gia tri p(r) va V*(p(r)) tai BCP cta Z---C,
O--H, O---S déu nam trong gidi han cho su hinh thanh cac twong tac khong cong hoa tri
[41], [87], [112].
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Do d6, cac tiép xuc trén 1a cic tuong tac axit-bazo Lewis, lién két hydro va
twong tac chalcogen-chalcogen. P bén cua cac phirc T1 va T3 dugc dong gop bai ca
twong tac axit-bazo Lewis >S=Z---O (CO,) va lién két hydro C—H---O (CO,), trong khi
do dong gop toi do bén phirc T2 14 tir trong tic axit-bazo Lewis >S=Z---O (CO,) va
twong tac chalcogen-chalcogen O---S=Z (hinh 3.8).

Su khac nhau vé ning luong twong tac gitta hai muc 1y thuyét twong d6i nho
(bang 3.14). Cu thé, ning luong twong tac khi hiéu chinh ZPE va khi hiéu chinh
ZPE + BSSE ciia cac phirc trong tmg nam trong khoang tir -13,8 dén -17,2 kJ.mol™*
va tir -9,8 dén -14,4 ki.mol™ tai MP2/aug-cc-pVTZ//MP2/6-311++G(2d,2p), tir -
13,6 t6i -17,7 kimol* va -9,8 t6i -145 klmol® tai CCSD(T)/6-
311++G(3df,2pd)//IMP2/6-311++G(2d,2p). Nhu viy, cac phirc tao thanh kha bén,
bén hon cac phirc cia nhém >C=0 va >C=S trong [116], [140], [141], va phtic cta
cac dan xuét flo cua hydrocarbon véi CO, [117]. Nhu viy, twong tac cua CO, véi
nhoém >S=0 va >S=S manh hon so v6i nhom >C=0, >C=S, nguyén nhan la do
nguyén tir O va S trong nhém >C=0 va >C=S lai héa sp? tao ra cip electron riéng
trong mit phang nhom, trong khi d6 ca hai nguyén tr O va S trong nhém >S=0 va
>S=S ¢ dac tinh lai hoa p cao hon.

Tir bang 3.14, d6 bén cua cac phirc CH3SZCH3--CO, (Z = O, S) giam theo
huéng T1 = T3 > T2, va phtc twong tng cia CH3SOCH;--CO, bén hon
CH3SSCH3:--CO,. P bén cua phitc CH3SOCH;--CO, 16n hon CH3SSCH;---CO, ¢6
thé do su dong gép 16n hon cia twong tac hut tinh dién téi niang lugng twong tac
tong cong. Mdi gia tri R2 trong CH3SOCHj3---CO, déu nho hon, con R1 va R3 déu
16n hon cac gia tri tuong ung trong CH3SSCH;--CO,. Két qua nay cho thdy nhom
>S=0 tuong tac voi CO, manh hon nhém >S=S. Xu hudng nay trai ngugc voi
tuong tac cua nhom carbonyl va thiocarbonyl vai CO,, tirc 1a nhém >C=0 tuong tac
v6i CO, yéu hon nhém >C=S [140]. Pang chu ¥, hai cdu trac bén T2 va T3 cia
CH3SOCHs;---CO, va ba céu triic bén cia CH3SSCHs---CO, duogc phat hién lan dau
tién. Vo1 cac phuc CH3;SOCHj3:--CO,, do bén cta T3 gﬁn véi cua T1 da duge cong

bb boéi Wallen va cong su [116]. Nang lugng tuong tac ctia T1 ching t6i tinh duoc
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la -14,4 k).mol™ tai MP2/aug-cc-pVTZ/IMP2/6-311++G(2d,2p) va -14,5 ki.mol™
tai CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(2d,2p), xap xi voi gia tri -13,4
kJ.mol™ tai MP2/aug-cc-pVTZ//MP2/6-31+G(d) trong tai liéu [116].
3.3.2. Twong tic cua CH;SZCHX, (X =H, CH3, F, Cl, Br; Z= 0, S) véi CO,
3.3.2.1. Dang hinh hoc, nang luong tuwong tdac va phan tich AIM

Tir dang bén nhat T1 trong cac phitc CH3;SZCHs---CO, v6i muc dich danh
gid vai trd cua tuong tac axit-bazo Lewis va lién két hydro trong viéc lam bén phirc
cling nhu theo dudi van dé chuyén doi xanh cia lién két hydro C—H---O dua trén do
phan cyc cua lién két C—H, ching t6i thay thé hai nguyén tir H trong mot nhom CHj
ciia CH3SZCH3; boi hai nhom CHs, hoac hai nguyén tir F, CI, Br, va khao sat sy anh
huong cta d§ bazo pha khi tai Z, d0 phan cuc cua lién két C-H trong cac monome
ban dau téi do bén cua cac phitc CH;SZCHX,--CO, (Z = O, S, X = H, CH3, F, CI,
Br). Dang phirc bén cua cac din xuét thé F, Cl, Br va CO, tuong ty T1, trong khi c6
su khac biét nho d6i v6i hinh hoc phire CH3SZCH(CH,),--CO,. Dang hinh hoc bén

ctia cac phirc duge thé hién trong hinh 3.9.

Hinh 3.9. Cac dang phtic bén ciia cac tuong tac giita CH;SZCH(CHs), va
CH3SZCHX; (X =H, F, Cl, Br; Z= O, S) véi CO, tai MP2/6-311++G(2d,2p)
Cac khoang cach tiép xtc O--C (CO,) nam trong khoang 2,76-2,80 A, S..-C
(CO,) trong khoang 3,33-3,40 A va H---O (CO,) trong khoang 2,30-2,63 A, tat ca
déu nho hon tong ban kinh Van der Waals cta hai nguyén tir twong tac. Do d0, cic

tuong tac nay déu la tuong tac axit-bazo Lewis va lién két hydro. Cac két qua phan
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tich AIM minh chimg xa hon cho su ton tai cta cic twong tac va sy dong gop cua
chung t6i do bén phirc (bang 3.15).

Ning luong tuong tac cta cac phitc CHzSZCHX,--CO, kha am, cho thiy cac
phirc nay kha bén. AE  trong khoang tir -14,4 téi -16,4 kl.mol™ cho cac phtic
CH3SOCHX,---CO, va tir -13,7 ti -15,5 kd.mol™ cho cac phitc CHzSSCHX,---CO,.
Nhin chung, phtc CH;SOCHX,--CO, bén hon phic twong ung cula
CH3SSCHX,:--CO,. biéu nay lan nita xac nhan nhém >S=0 tuong tic voi CO,
manh hon >S=S do lyc hut tinh di¢n ciia >S=0 16n hon >S=S. V&1 cac phuc
CH3SOCHX,---CO,, d6 bén cac dan xuit ting theo huéng H < F < Cl < Br < CHj,4
(bang 3.15). Nhu vay, khi thay thé hai nguyén to H trong mot nhom CHj cua
CH3SZCHj; bai hai nhdm CHj hodc hai nguyén tir halogen tao thanh cac phirc bén
hon so vo1 phitc CH3SOCH3:--COs.

Bang 3.15. Nang lugng tuong tac (tai MP2/aug-cc-pVTZ//IMP2/6-311++G(2d,2p)),
ai luc proton tai O va S, enthalpy tach proton cua lién két C—H tham gia vao lién két
hydro trong c&c monome ban dau (tai CCSD(T)/6-311++G(3df,2pd)//MP2/6-
311++G(2d,2p) (kJ mol™)

Z=0
H CHs F Cl Br
AE -14,4 -16,4 -14,7 -15,0 -16,3
PA 900,1 904,8 876,2 876,7 884,9
DPE 1610,1 1711,9 1619,5 1560,8 1540,6
Z=S
AE -14,2 -15,5 -13,7 -14,3 -15,4
PA 907,1 911,0 883,8 891,0 896,0
DPE 1578,4 1704,7 1606,0 1540,4 1522,0

Su thay thé ndy cling din toi sy ting cudng nhe dd bén cic phuc
CH3SSCHX,---CO, theo day tir F, H, Cl, Br t6i CH;z. Bang 3.15 cho thiy d6 bazo

pha khi tai O va S tang tu F t61 Cl to1 Br to1 H va to1 CHgs, con do phan cuc cuia lién
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két C—H giam theo tht ty tir Br > Cl > H > F > CH3. Theo d6, ning luong bén tong
cia cac phuc CH3SZCHX,---CO, dugc dong gop chinh bdi twong tac axit-bazo
Lewis >S=Z.--C va dong gop bd tro cta lién két hydro C—H---O, trong dé sy dong
gop cua lién két hydro tang tir din xuat H t6i F t6i C1 va t6i Br.
3.3.2.2. Su thay doi do dai lién két C—H va tan sé dao dong hoa tri cua no

Tuong tac ctia CO, voi CH3SZCHX, 1a nguyén nhén su thay doi do dai lién
két C—H tham gia vao lién két hydro va tan s6 dao dong hoa trj cua nd, cac két qua
duoc liét ké trong bang 3.16. Cac gia tri thu duoc cho thiy, cac phirc déu ton tai lién
két hydro chuyén doi xanh. Mtrc d6 rit ngan do dai lién két va ting tan sé dao dong
hoa trj twong Gng trong khoang 0,5-2,0 mA va 8,3-28,8 cm™. D¢ dai lién két C—H bj
rit ngian 0,5 mA trong phitc CH;SOCHg---CO, tai MP2/6-311++G(2d,2p) x4p xi voi
gi4 tri da cong bd khoang 0,3 mA tai MP2/6-31+G(d) cia Wallen [116].
Bang 3.16. Su thay d6i do dai (Ar, mA) va tin s6 dao dong hoa tri cua lién két C5—

H6 (Av, cm™) tai MP2/6-311++G(2d,2p)

Z=0

H CHs, F Cl Br

Ar 05  -1,2(-0,2) -2,0 1,1 -1,0

Av 8,3 17,6 (1,6) 27,8 19,2 17,5
Z=5S

Ar 05  -1,2(-0,4) -1,6 13 -1,0

Av 9,1 17,4 (1,8) 24.6 22,6 18,7

Cdc gid tri trong ngodc don la cho lién két cong héa tri C7T-H14
Muc do rut ngfm d6 dai lién két C—H va tang tan sb dao dong hoa tri cia nd
trong mdi phitc CH3SZCHX,--CO, ting theo hudng thé X tir Br t6i CI toi F. Xu
huéng nay nguoc v6i sy giam d6 phan cuc cua lién két C—H trong monome
CH5SZCHX, (bang 3.15). N6i cach khac, mic d6 chuyén doi xanh tan s6 dao dong
hoa tri cta két tham gia vao lién két hydro ti 18 nghich véi do phan cuc cua lién két
C—H trong monome ban dau. Tuy nhién, c6 mot xu huéng khac trong sy thay doi do

dai lién két va tan s dao dong hoéa tri cia lién két C—H trong cac phirc
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CH3SZCHX,---CO, v6i X =H, CHz va Z = O, S (bang 3.15 va bang 3.16). Nhu vay,
mirc d6 chuyén doi xanh cua lién két hydro bj tac dong nho boi dang hinh hoc va
cac tuong tac lan can, bén canh su phy thudc chinh vao @6 phan cuc cua lién két
dong vai trd phan tir cho proton ban dau.
3.3.2.3. Phan tich NBO

Phan tich NBO dugc thuc hién tai cung mtc 1y thuyét dé minh ching su ton
tai ctia cic tuong tac va ban chit cua lién két hydro C—H---O khi phtc hinh thanh,
céc gia tri dién hinh dugc tap hop trong bang 3.17.

Bang 3.17. Phan tich NBO cua cac phtitc CH3SZCHX,---CO, tai mirc MP2/6-
311++G(2d,2p)

E(n(012)— E(n(Z10)—
EDT Ac*(C5-H6) A%s (C5)
3 c*(C5-H6)) o¢*(C11=013))
e  10°@) ©) 1 1
(kJ.mol™) (kJ.mol™)
14,1
H 53 0,2 0,4 1,34
0,3 0,4 0,46 3,31
CH; 41 . . .
Z=0 0,3 0,2 0,11
F 3,1 -1,3 0,6 2,64 11,7
Cl 3,2 -1,4 0,6 3,10 11,6
Br 30 -1,1 0,7 3,14 11,8
H 51 0,7 0,4 2,51 6,7
0,2 0,4 0,62
CH; 32 . . . 1,37
0,2 0,3 0,21
Z=S
F 2,0 -0,8 0,5 5,19 6,15
Cl 1,6 -1,3 0,7 6,61 5,52
Br 1.3 -1,0 0,9 7,91 6,4

ACho lién ket C7-H14

Tat ca cac gia tri EDT déu duong cho thiy cé su chuyén mat do electron
manh tor CH3SZCHX; td1 CO,. No6i cach khac, tuwong tac chuyén mat do electron tiur

obitan n(Z) t6i ©*(C=0) manh hon sy chuyén mat do electron tir n(O) ti *(C—H)
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trong viéc lam bén phuc. Cac gia tri EDT cia CH3SOCHX;---CO, 16n hon
CH3SSCHX;-+-CO,, chi ra tuong tac >S=0---CO, bén hon tuong tac >S=S.--CO,.
Cac gia tri ning lugng tuong tac siéu lién hop chuyén mat do eletron tir n(Z) t6i
1*(C=0) (Einter(N(Z10)—>n*(C11=013)) va tir n(O) t6i 6*(C-H) (Ejner(n(012)—
6*(C5-Ho6)) duoc liét ké trong bang 3.17 cling minh ching cho quan sat nay.

Khi phirc hinh thanh, cé su ting nhé phan trim dic tinh s cta nguyén tir
C(H) dugc quan sat trong tat ca cac phirc. Chung nim trong khoang 0,2-0,7 %. Nhu
vdy, su ting phan trim dic tinh s dong gdp mdt phan t6i sy rat ngan do dai lién két
C—H. Mat d6 electron trén obitan *(C—H) giam khoang 0,0008-0,0014 e trong cac
phttc CH3SZCHX,---CO, (X=F, Cl, Br), trong khi c6 sy ting mat do electron
khoang 0,0002-0,0007 e dugc tién doan cho cac phitc CH3SZCHX,---CO, (X=H,
CHs). Nhu vay, su rat ngin cua lién két C—H tham gia vao lién két hydro cung véi
su chuyén doi xanh tan s6 dao dong hoa tri cta n6 trong CH;SZCHX,---CO, (X=F,
Cl, Br) do ca su giam mat do electron trén obitan o*(C—H) va su ting phan trim dic
tinh s ctia nguyén tr C quyét dinh con cac phire CH3SZCHX,---CO, (X=H, CH;) la
do su tang ph?m tram ddc tinh s cua nguyén tir C vuot hon su tdng mat do electron
trén obitan o*(C-H).

NHAN XET

- Tuong tac cia CO, vdi CH3SOCH; va CH3SSCH3 dan t4i hinh thanh ba
phirc kha bén véi ning luong twong tac tir -9,6 ti -14,5 kd.mol ™" khi hiéu chinh ca
ZPE va BSSE tai CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(2d,2p). Pang cha
¥, hai phtrc bén cia CH3SZCHj--CO, (Z = O, S) duoc phat hién 1an dau tién. AE~
cua cac phuc CH3SZCHX,---CO, nam trong khoang -13,7 té1 -16,4 kJ.mol™
(MP2/aug-cc-pVTZ/IMP2/6-311++G(2d,2p)).

- P bén cac phic dugc dong gop boi cac twong tic axit-bazo Lewis
>S=Z7..-C, twong tac chalcogen-chalcogen Z=S.--O va lién két hydro C-H---O. Trong
do6, twong tac axit-bazo Lewis dong vai tro quyét dinh bén canh su déng gop bo tro

ctia lién két hydro t&i d6 bén cac phirc CH3SZCHX,--CO,. Khi thay thé hai nguyén
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tr H trong mot nhom CH; ctia CH3SZCHX, bang cac halogen va nhom methyl do
bén phtic ting 1én theo tht ty tir dan xuat F t&i C, Br va cudi cing 1a CHs.

- Su rut ngén do dai lién két va tang tan s6 dao dong hoa tr1 caa lién két
hydro C—H---O ti 1¢ nghich vdi d6 phan cuc cua lién két C-H trong monome ban
dau, dong thoi c¢6 sy phu thudc nho vao dang hinh hoc phirc.

3.4. Anh huwéng ciia sy thay thé t6i ban chit cia lién két C—H--O/N dwoc hinh
thanh trong cac phirc gitta CH;COCHR; (R = CHs;, H, F, Cl, Br) voi CO,, XCN
(X =F, Cl, Br)

Chung t6i tiép tuc khao sat twong tac cia CH;COCHR; (R = CHs, H, F, Cl,
Br) v6i CO,, XCN (X =F, Cl, Br) dé xem xét ban chét lién két hydro chuyén doi
xanh C—H---O/N dura trén d6 phan cuc lién két cta phan tir cho proton va do bazo
pha khi cta phan tr nhan proton trong monome ban dau. Nguyén tir C trong CO,
thiéu electron con cac nguyén tir N trong FCN, CICN, BrCN giau electron.

3.4.1. Twong tic cia CO, véi CH;COCHR, (R = CH3, H, F, ClI, Br)

Tuong tac gitta CH3COCHj; voi CO, thu duogc bdn dang hinh hoc bén, duoc
ki hiéu lan lugt 1a H1, H2, H3 va H4 (hinh 3.10). Ning luong tuong tic cta chung
tai CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(2d,2p) duoc dua ra trong bang
3.18. Dan chimg cho sy ton tai cta cac tiép xuc trong cac phirc qua phan tich AIM
cling dugc thé hién trong hinh 3.10.

Bang 3.18. Nang lugng tuong tac hiéu chinh ZPE, hi¢u chinh ca ZPE va BSSE cua
céc phirc trong hinh 3.10 (don vi kJ.mol™)

H1 H2 H3 H4
AE -12,7 -11,3 -12,7 -4,7
BSSE 2,4 1,9 3,5 2,3

AE -10,4 -9,4 -9,2 -2,4
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Hinh 3.10. Dang hinh hoc va hinh hoc topo ctia céc phttc bén cua twong tac
gitta CH;COCHj; va CO, (don vi khodng cach A)

Céac két qua hinh 3.10 cho thdy co ton tai cac diém BCP cua cac tiép xtic
gdm 06--C11 va O12-+-H8 trong H1, 06--Cl11 trong H2, 06---C11 va O12--C5
trong H3, O12---H3(9) va 013--H4(10) trong H4. Nhu viy, trong cic phirc déu c6
su hinh thanh cac tuong tac axit-bazo Lewis va lién két hydro, ca hai ciing déng gop
tGi 46 bén ciia cac phirc hinh thanh.

Nhu nhin thay trong bang 3.18, ning luong tuong tic thu duoc kha am, va
tang theo tht tw H1 < H2 ~ H3 < H4, minh chting do bén cac phirc giam theo
hudng nay. Nang lugng tuong tac hi€u chinh ZPE va BSSE cua H1 14 -10,4 kJ.mol
', ndm giita cac gia tri -11,1 kd.mol™ (tai CCSD(T)/aug-cc-pVTZ) trong tai liéu
[141] va -8,8 ki.mol™ (tai MP2/aug-cc-pVDZ) trong tai liéu [38].

Dang chu y, tuong tac cia CH3COCHj; véi CO, dan t6i H3 kém bén hon H1,
khac véi cac két qua did cong bd boi Ruiz-Lopez va cong su [17]. Cac tac gia da
thuc hién cac tinh toan tai MP2/aug-cc-pVDZ va CCSD(T)/aug-cc-pVDZ va dé
nghi rang H3 bén hon H1 khoang 1,0 kJ.mol™. Ho khong tinh BSSE cho timg céu
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tric, ma cong bd mot gia tri BSSE khoang 2,3 kJ.mol™ cho ca H1 va H3. Gia tri
BSSE chung t6i tinh cho hai cdu tric H1 va H3 tai CCSD(T)/6-
311++G(3df,2pd)//IMP2/6-311++G(2d,2p) lan luot 13 2,4 va 3,5 kJ.mol™. R& rang
su dong goép cua BSSE t6i nang luong bén tong cong ctia H3 16n hon nhiéu so véi
H1. Piéu nay din téi d6 bén ctia H1 16n hon H3 (bang 3.18). Ngoai ra, dé cé su
danh gia dang tin cdy hon, méc 1y thuyét cao hon (CCSD(T)/aug-cc-
pVTZ//MP2/aug-cc-pvTZ) di duogc sir dung dé tinh ning luong twong tac cac phirc,
theo thir ty 14 -13,4 va -12,1 kJ.mol™ khi hiéu chinh ZPE; va -11,7 va -9,5 kJ.mol™
khi hiéu chinh ca ZPE va BSSE cho H1 va H3. Cac két qua xac nhan phirc H1 bén
hon H3, mic du d6 bén cua ching Xép xi nhau khi chi hi¢u chinh ZPE. Chung t61
cling xac dinh duoc hai dang hinh hoc bén méi H2 va H4 cua tuong tic giira
CH3COCHs; véi CO,, trong d6 H2 (-9,4 kJ.mol™) bén hon mét it so voi H3 (-9,2
kJ.mol™) khi hiéu chinh ca ZPE va BSSE.

Tir cu trac bén nhit H1 c6 sy hién dién cua ca tuong tac axit-bazo Lewis va
lién két hydro, xuit phat tir yéu cau danh gia mébi quan hé gitra su chuyén doi xanh
cta lién két hydro C—H--+O véi d phan cuc cua lién két C-H, ciing nhu anh huéng cta
cac tuong tac toi d6 bén cac phic nhu thé ndo, chiing t6i thay thé hai nguyén tir H trong
mot nhém CHj cia CH3COCH; boi hai nhom CHs, F, CI, Br (ki hiéu CH;COCHR))
va khdo sat cac tuong tac ciia chiing voi CO,. Hinh hoc bén cua cac phuc dugc thé

hién trong hinh 3.11. Céc thong s cua cac phirc dugc tap hop trong bang 3.19.

CH;COCHR,---CO, CH;COCH(CHzy),---CO,
Hinh 3.11. Hinh hoc bén cta cac phtrc gitta CH;COCHR; (R= CHa, F, Cl, Br) véi CO,
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Bang 3.19. Nang lugng twong tac (kJ.mol™), BSSE (kJ.mol™), sy thay ddi do dai
lién két (Ar, mA), tin s6 dao dong hoa tri (Av, cm™) cua lién két C7-H8 trong cac
phic so véi monome ban dau
CH;COCHR,:--CO,

R1 R2(3) AE BSSE AE  Ar(C:Hg) Av(C/Hs)

R=H 287 261 -127 24 -104 -025 10,9
285 277 -136 28 -107 -054 14,1

R = CH, X
2,79 -0,54% 6,09
R=F 294 251 -119 28 -92 -0,84 16,3
R=Cl 292 240 -138 38 -101 -0,68 15,0
R=Br 291 238 -138 24 -104 -0,65 14,8

Dlién két C10-H17 trong CHyCOCH(CHy),CO,, Ygiari ciia R3

Nhin chung trong cic phtic déu hinh thanh tuwong tic axit-bazo Lewis
>C=0---C (CO,) va lién két hydro C—H--O do tit ca cac khoang cach tiép xtic O--C va
O--H déu ngin hon hoic gan bang tong ban kinh Van der Waals cta hai nguyén tu
tham gia twong tac (3,32 A cho O-C va 2,72 A cho O-H). Chung nim trong
khoang 2,85-2,94 A cho tiép xtic O---C va 2,38-2,79 A cho tiép xtic O-H.

Dé danh gid vai tro dong gop cua cac twong tac téi dd bén cac phirc khao sat,
chung t6i tinh ai luc proton (& CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVTZ) tai O
cia nhom >C=0 va enthalpy tach proton (¢ CCSD(T)/aug-cc-pVTZ//MP2/6-
311++G(2d,2p)) cua lién két C—H (—CHR,) trong monome ban dau CH;COCHR,.
Cac gia tri thu dugc duogc liét ké trong bang 3.20.

Biang 3.20. Enthalpy tach proton cua lién két C—H ctia nhém —CHR,, 4i lyc proton

tai O cua nhom >C=0 trong cac monome ban dau (kJ.mol™)

CH;COCH; CH3COCH(CH3), CH3COCHF, CH3COCHCI, CH3;COCHBI,

DPE 1704,6 1707,8 1669,9 1579,4 1558,4
PA 812,7 832,9 738,6 762,1 776,1
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Ning luong tuwong tac cta cac phirc déu am 16n, nam trong khoang tir -11,9
tGi -13,8 kJ.mol™ khi hiéu chinh ZPE va tir -9,2 t6i -10,7 kd.mol™ khi hiéu chinh ca
ZPE va BSSE (bang 3.19). Nhin chung, twong tac giira CH3COCHR, va CO, dan
td1 su tang nhe nang lugng tuong tac (hi¢u chinh ca ZPE va BSSE) theo huéng CHj
<H = Br < Cl<F. D6 phan cyc cia lién két C—H ting theo tht ty CH; < H<F < Cl
< Br, va ai luc proton tai O tang theo hudng F < Cl < Br < H < CHj; (bang 3.20).
Nhu viy, d6 bén cua cac phitc dugc dong gop tir ca twong tac axit-bazo Lewis
>C=0--C (CO,) va lién két hydro C-H:-O, trong dé tuong tic axit-bazo Lewis
dong gép nhiéu hon.

Khao sat chi tiét vao lién két hydro C—H--O trong cac phirc cho thiy co su
rit ngan khoang 0,25-0,84 mA, va ting tan sé dao dong hoa tri lién két C—H khoang
6,0-16,3 cm™ so véi trong monome ban dau (bang 3.19). Do dé, trong cc phuc déu
ton tai lién két hydro chuyén doi xanh. Két qua nay khac véi cong bd ctiia Bernard
va cong su [25], [38], ho cho ring chi ton tai twong tac axit-bazo Lewis giita nguyén
tor O cho electron cua CH3COCH3; va nguyén tor C nhan electron cia CO, trong
phttc CH;COCH;+CO,. Quan sat bang 3.19 va bang 3.20 ta thay, di tir F t6i CI t6i
Br, d6 phan cuc lién két C—H trong cAc monome ban ddu ting, giam su rat ngan do
dai lién két va ting tan s dao dong hoa tri khi phtc hinh thanh. Tuy nhién, diéu nay
khong duoc quan sat trong phirc ctia su thay thé nhom CHj; vi dang hinh hoc cta
phitc CH3COCH(CHs),+CO, khéc so vi cac phire con lai. Nhu vay, su rat ngan do
dai va tang tan s6 dao dong hoa tri tuong tng ti 18 nghich v&i dd phan cuc lién két
C—H trong monome ban dau va phu thudc vao dang hinh hoc phtc.

Phan tich NBO tai mitc MP2/6-311++G(2d,2p) da dugc thuc hién dé danh
gid sy chuyén mat do electron tong (EDT) trong cac phirc, mat do electron trén
obitan phan lién két 6*(C7—H8), phan trim dic tinh s tai nguyén tir C7(H8) va ning

luong twong tac siéu lién hop. Cac két qua NBO duoc dua ra trong bang 3.21.



91

Bang 3.21. Phan tich NBO cho cac phuc CH3COCHR;+-CO,
tai MP2/6-311++G(2d,2p)

Ac*(CTH E(n(06)— E(n(012)—
EDT A%s(C7)
R 8) *(C11=012,13))  o*(C7H8))/
(e) (%)
(e) (kd.mol™) (kd.mol™)
H 00014  0,0009 0,34 6,5 2,3
0,0012  0,0004 0,12 6,4 1,0
CH; )
0,0001% 0,19 0,6*
F  -0,0002 -0,0002 0,44 4.6 4.4
Cl  -0,0009 -0,0003 0,61 5,1 4.8
Br -0,0012 -0,0002 0,66 5,1 5,2

Dcho lién két C10-H17 va “cho nguyén tir C10(H17)

Gia tri EDT duong chi ra mat d6 electron chuyén tir phan tir CH;COCHR,
té1 CO, va su chuyén nguoc lai voi gia tri am. Khi phtrc hinh thanh, mat do electron
chuyén tir CH;COCHj; va CH3COCH(CHa), téi CO,, trong khi su chuyén nguoc lai
duogc quan sat cho CH3COCHR,--CO,, voi R = F, CI va Br. biéu nay chi ra réng
lién két hydro C7—H8:+-O12 tré 1én manh hon khi di tir H t6i F, t6i Cl va cubi cung
1a t6i Br. Mot sy tang nhe khoang 0,12-0,66 % phan trim dic tinh s ciia nguyén tir
C7(H8) da thu duoc trong tit ca cac phic. Mat do electron trén obitan o*(C7—H8)
trong cac phtic so véi trong monome ban dau giam khoang 0,0002-0,0003 e voi
CH3COCHR;,--CO,, (R = F, Cl, Br), va tang khoang 00004 ¢ va 0,0009 e v&i
CH3COCH(CHs),+*CO, v CH3COCH3+-CO,. Do d6, su chuyén doi xanh tan sb
dao dong hoa tri cua lién két C7-H8 trong cac phirc CH3COCHR,--CO,, (R =F, Cl,
Br) 1a do ca su giam mat do electron trén obitan c*(C7-HS8) va sy ting phan trim
déc tinh s ctia nguyén tir C7(HS), trong khi d6 cac phirc CH;COCH(CHj5),-CO, va
CH3COCH3-CO;, 1a do sy déng gop vuot trdi cia su tang phén tram dac tinh s cua

C7(HS) so voi sy tang mat do electron trén o*(C7—HS) khi phtic hinh thanh.
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3.4.2. Tuwong tac ciia XCN (X = F, Cl, Br) voi CH;COCHR, (R = H, CHs, F, Cl, Br)

Véi myc dich so sanh kha ndng hinh thanh, d¢ bén cua lién két hydro C-
H:-O va C—H--N cling nhu anh hudéng ctia d0 phan cuc, d§ bazo pha khi cta cac
phan tir cho va nhan proton ban dau t6i lién két hydro, chung t6i tiép tuc khao sat
tuong tac cia CH;COCHR, v6i XCN. Céc phirc bén thu dugc twong ty cac phirc
cua CH3COCHg3;-CO,, chi c6 mot sy khac nho trong cu tric khi thay thé cac
nguyén tor O12 va O13 cua CO; boi cac nguyén tir N12 va X13 cua XCN. Mot vai
thong sd vé cac phirc dugc dua ra trong bang 3.22.

Két qua cho thiy tit ca cac khoang cach twong tic O6--Cll va
N12-+-H8(H17) déu nam trong khoang 2,82-3,15 A va 2,27-2,76 A, ngin hon tong
ban kinh Van der Waals cta hai nguyén tir twong tac (3,22 A va 2,75 A cho tiép xtic
O--C va N--H), do d6 c6 su hinh thanh tuong tac axit-bazo Lewis >C=0---C va lién
két hydro C-H N trong cac phitc CH;COCHR,~XCN. Ning luong tuong tic cla
cac phuc déu kha Am, Am hon so v&i cac phttc CH3COCHR,-CO,. Cu thé, ching
nim trong khoang -11,1 t&i -14,5 kJ.mol™ khi hiéu chinh ca ZPE va BSSE va tir -
13,5 t6i -18,7 kd.mol™ khi chi hiéu chinh ZPE (bang 3.22). Do d6 cac phuc
CHsCOCHR,+-XCN bén hon céc phitc CH3COCHR;---CO,. Tuy nhién, sy khac
nhau ctia ning lugng tuong tac giita hai dang phirc khong nhiéu, chi khoang 1,0-1,5
kJ.mol™. Nhu nhin thiy trong bang 3.22, do bén cac phirc cia CHsCOCHR, véi
FCN tang theo huéng F <H < Cl < CH3 » Brva H < F < CH;3 < Cl < Br vagi CICN
va BrCN. Cac két qua thu dugc chi ra rang do bén cac phic dugc dong gop tir ca
tuong tac axit-bazo Lewis >C=0--C va lién két hydro C-H--N do ¢6 sy ting lén
cua ca doé phan cuc lién két C—H va d6 bazo pha khi tai O di tu F té1 CI va téi Br
trong CH;COCHR, (bang 3.20). Nhin chung, cic phitc CH;COCH;-XCN it bén
hon CH3COCHR;,-XCN (R = F, Cl, Br), mac du d6 bazo pha khi tai O trong
CH3COCHj5 16n hon, cho thay su dong gop tiang cuong tir lién két hydro C-H-N
t5i nang lwong bén tong cong. Cac thao luan so sanh do bén cac phirc ¢ trén chi ra

rang lién két hydro C—H:+"N bén hon so véi lién két hydro C-H:+-O.
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Bang 3.22. Khoang cach tuong tac (A), ning luong twong tac (kJ.mol™), sy thay d6i
d6 dai lién két (mA), tan s6 dao dong hoa tri (cm™) cua lién két C7-H8 trong céc
phirc so véi trong monome ban dau
CH3;COCHR;:--XCN
R1 R2(8) AE AE  Ar(C;Hg)  Av(C/Hs)

R=H,X=F 284 257 -167 -139  -0,13 10,0
R=H X=Cl 309 255 -151 -11,8  -0,10 8,9
R=H,X=Br 313 256 -135 -111  -0,06 8,0
R=CHs;, X=F 282 276 -179 -144  -0,84 12,8

2,74 -0,84% 9,19

R=CHs;, X=Cl 306 274 -183 -124  -0,82 12,2

2,76 -0,80% 8,1%

R=CH; X=Br 311 271 -151 -119 -081 12,0
2,76 -0,80% 8,1%

R=F, X=F 2,89 246 -164 -130  -0,90 17,5
R=F, X=Cl 311 243 -160 -12,1  -0,78 15,8
R=F,X=Br 315 241 -148 -11,7 -0,76 15,4
R=Cl,X=F 287 233 -187 -141 0,09 -0,2
R=ClI, X=Cl 308 229 -185 -133 0,35 -0,4
R=Cl,X=Br 313 228 -174 -130 0,38 -0,8
R=Br,X=F 287 231 -186 -145 0,14 -1,2
R=Br,X=Cl 308 228 -184 -13,7 0,38 -1,8
R=Br,X=Br 313 227 -173 -134 0,40 -2,2

ién két C10-H17

Véi cung phan tir CH;COCHR,, d6 bén tit ca cac phitc CH;COCHR,+*XCN
giam theo hudng tir FCN to1 CICN té1 BrCN. Xu hudng nay nguoc voi su tang ciia
do bazo pha khi tai N cia XCN. PA(N) cua FCN, CICN va BrCN tinh tai
CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(2d,2p) theo thu tu la 690,1; 733,9
va 747,5 ki.mol™. Pang luu y, gia tri PA(N) ctua FCN chung t6i tinh duoc gan véi
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gia tri 690,3 kJ.mol™ tai mic G2 trong cong bd cua Rossi va cac cong su [24]. Dé
giai thich quan sat nay, phan tich NBO tai MP2/6-311++G(2d,2p) cho cic phan tir
XCN da duoc thuc hién.

Bang 3.23. Phan tich NBO cho tét ca cac phuc tai MP2/6-311++G(2d,2p)

CH3;COCHR;---XCN

E(n(06)— E(n(N12)
EDT  Ac*(C7H8) A%s(C7)
1*(C11=N12)) —o*(C7H8))
) ) () (kJ.mol™) (kJ.mol™)
R=H,X=F 00021 0,0018 0,64 8,4 (1,6) 3,4
R=H,X=Cl -0,0026 0,0022 0,68 3,5 3,5
R=H,X=Br -0,0025 0,0021 0,63 3,3 37
R=CHs;, X=F 0,0022  0,0005 0,26 7,8 (1,5) 1,5
0,0001% 0,34"

R=CHs X=Cl -0,0024  0,0006 0,31 3,3 1,7
0,0002% 0,31”

R=CHs; X=Br -0,0026  0,0006 0,33 3,0 2,1
0,0002% 0,31”

R=F, X=F -00011  0,0003 0,86 6,4 (1,0) 7,4
R=F, X=Cl -0,0048 0,0008 0,94 3,0 7,5
R=F, X=Br -0,0050  0,0009 0,97 2,6 7,7
R=CI, X=F -0,0033  0,0007 1,23 6,9 (1,1) 11,0
R=CI, X=Cl -0,0077  0,0014 1,36 3,2 11,7
R=CI, X=Br -0,0081  0,0015 1,42 2,8 12,1
R=Br,X=F -0,0039  0,0010 1,36 7,1(1,1) 11,3
R=Br,X=Cl -0,0082  0,0017 1,48 3,2 11,5
R=Br,X=Br -0,0085  0,0019 1,53 2,7 11,8

Gid tri trong dau ngodc don la twong tdc siéu lién hop ngoai phdn tir
Einter(n(06)— 0*(C11-F13), ¥cho lién két C10-H17 va P'cho nguyén tir C10(H17)

Gia tri dién tich NBO tai nguyén tir C lan luot 13 0,662 ¢; 0,163 ¢ va 0,072 ¢
cho FCN, CICN va BrCN. Diéu nay chi ra c6 sy giam tuong tic axit-bazo Lewis
>C=0---C trong CH3COCHR;---XCN di tir FCN t6i CICN va téi BrCN. Phéan tich
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NBO cho monome va cac phitc cta chung (bang 3.23) cho thiy c6 su chuyén mat
do electron tir n(O) cia CH;COCHR, t&i obitan m*(C=N) ciia XCN cta mdi
CH3COCHR,-XCN di tir FCN t6i BrCN. Pang chu ¥, su chuyén thém electron tir
n(O) cua CH3COCHR; t61 obitan 6*(C—F) cua FCN da duoc quan sat khi phirc
hinh thanh. Nguoc lai, ¢6 sy ting nhe do bén lién két hydro C—H-N tir FCN t6i
BrCN. Toém lai, dong gop chinh téi ning luong bén téng cong trong
CH3COCHR,-XCN dugc quyét dinh boi twong tac axit-bazo Lewis >C=0--C
vugt hon sy déng gop bd tro cua lién két hydro C—H--N. Trong d6, vai trd dong
gop bd sung cua lién két hydro C—H-N trong cac phirc CH;COCHR,-XCN ting
tu FCN té1 CICN va t6i BrCN.

Nhu duoc chi ra tir bang 3.22, cac phitc CH3COCHR,---XCN bén hon so véi

phtre tuong tmg ctia CH3COCHR, --CO,, nguyén nhan do PA tai N trong cac XCN
16n hon PA tai O trong CO,, va gié tri PA(N) tang 1én theo hudng tir FCN td1 CICN
va toi BrCN. That vdy, PA(O) cia CO, la 541,6 ki.mol™ tai CCSD(T)/6-
311++G(3df,2pd)//MP2/6-311++G(2d,2p), nhd hon dang ké so véi PA(N) cua
XCN. Cac két qua ndy d xac nhan lién két hydro C-H:"N bén hon so véi C-H-—-O
va doéng gop nhiéu hon trong viéc lam bén phtc. Nhu vay, su thay thé cta hai
nguyén tir H trong mot nhém CH3 cua CH3COCH; boi hai nhom R (R = CHg, F, Cl,
Br) lam tang do bén ctia CHsCOCHR,-XCN so v6i CH3COCH;--XCN, trong khi
d6 tac dong khong dang ké téi do bén cua CH3COCHR,+CO, so véi
CH3COCHg3---COa.

Tir bang 3.22 ta thay, khi phirc hinh thanh c6 su thay doi khac nhau trong d6
dai, tan sd dao dong hoa tri cua lién két C7-H8 so voi trong monome ban dau. Do
dai lién két C7—H8 trong CH;COCHR, - XCN (R = H, CHj, F) rat ngan nhe khoang
0,0001 A, tan s6 dao dong hoa tri tang 8,0-17,5 cm™, Nguoc lai, tuong tac cua
CH3;COCHR; (R = CI, Br) v6i XCN dan téi sy kéo dai (0,0001-0,0004 A) va giam
mdt it (0,2-2,2 cm™) tan s6 dao dong hoa tri cua lién két C7-H8. Nhu viy, lién két
hydro C7-H8:-"N12 trong cac phitc CH;COCHR,XCN thudc loai lién két hydro
chuyén doi xanh khi R = CHs, H, F va chuyén doi do khi R = CI, Br.
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Trong cac dan xuét thé R = CHs, H, F tuong tac voi1 XCN, co sy giam rat nho
su 1t ngan do dai va ting tin sb dao dong hoa trj lién két C7-H8 khi di tir FCN t6i
CICN va téi BrCN. Theo huéng nay, sy ting mic d6 kéo dai va giam tan sb dao
dong hoa tri cua lién két C7-H8 duoc quan sat trong mdi cip CH;COCHR,--XCN
(R = Cl, Br) (bang 3.22). Két qua trén 1a do dong gop dong thoi sy ting do bazo pha
khi tai N tr FCN t6i BrCN, va ting d6 phdn cuc cua lién két C7-H8 trong
CH3;COCHR; (R = CI, Br) manh hon so véi CH3COCHR; (R = H, CH3, F) (bang
3.20). Su chuyén doi do tan sd dao dong cua lién két C7-HS8 duoc tién doan trong
cac phic CH;COCHR,*XCN (R = Cl, Br). Hon nita, nhu dugc nhin thiy trong
bang 3.22, v6i mdi XCN, c6 mot sy thay ddi tir rit ngan toi kéo dai trong d6 dai
lién két C7-HS va tir chuyén doi xanh t&i chuyén doi do tan s dao dong hoa trj cia
n6 khi phirc hinh thanh so véi monome twong tng. Cac két qua thu duoc phu hop
véi sy tang do phan cuc cua lién két C7-H8 di tir dan xudt CHg téi H t6i F t6i Cl va
cudi cung t6i Br. Nhu viy, su chuyén doi xanh tan s6 dao dong hoa tri cua lién két
C—H tham gia vao lién két hydro C—H N ti 1 nghich véi d6 phan cuc cua C—H va
d6 bazo pha khi tai N trong monome ban dau. Xu hudng tuong tu trong su thay doi
dd dai lién két C7-H8 va tan sb dao dong hoa tri ciia n6 cling thu dugc véi cac phuce
CH3COCHR,-CO,. Su rut ngin d6 dai lién két C7-H8 va ting tan s6 dao dong cua
n6 trong cac phic CH3COCHR,--CO, 16n hon so v&i trong cac phuc
CH3COCHR; - XCN tuong ung (bang 3.19 va bang 3.22).

Khi phuc hinh thanh, c6 sy tang khoang 0,0001-0,0022 e mat do electron
trén o*(C7-H8) va 0,26-0,97 % phan traim dic tinh s tai nguyén tor C7(HS) trong
CH3COCHR;,-XCN (R = H, CHs, F) so vé61i monome ban dau. Nhu vay, su tang
phan tram dic tinh s trén C7(H8) vuot hon su ting mat do electron trén c*(C7-H8)
dong vai tro quyét dinh trong su rit ngin va ting tan sd dao dong hoéa tri cia C7—
HS. Sy chuyén doi d6 tan sé dao dong hoa tri C7—H8 trong CH;COCHR,+-XCN (R
= Cl, Br) duoc quyét dinh boi su tang dang ké (0,0007-0,0019 e) mat do electron
trén o*(C7-H8) vuot hon han su ting 1,23-1,53 %s(C7(HS8)). Su ting 16n hon mat

do electron trén o*(C7-HS8) 1a do twong tac chuyén mat do electron manh hon tir
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obitan n(N) va n(C=N) cia XCN téi o*(C7-HS8) cua phan tot CH3COCHR, di tu
FCN t6i CICN va téi BrCN. Quan sat nay khac so véi cac phirc CH3COCHR,:--CO,
da duoc thao luan & trén.

NHAN XET

- Hai muoi ba cyc tiéu trén bé mat thé ning cua twong tac gitta CH;COCHR,
(R = H, CHs, F, Cl, Br) voi CO, va XCN (X = F, Cl, Br) da dugc xac dinh tai
MP2/6-311++G(2d,2p). Nang Iugng tuwong tac cac phac tai CCSD(T)/6-
311++G(3df,2pd)//MP2/6-311++G(2d,2p) trong khoang 9,2-14,5 kJ.mol™ khi hiéu
chinh ca ZPE va BSSE. D¢ bén cac phtic duoc doéng gop chinh bdi twong tac axit-
bazo Lewis >C=0-C va dong gbp bd trg thém tir lién két hydro C—H---O/N.

- Nhin chung, sy thay thé cua hai nguyén tor H trong mot nhom CHj cua
CH3COCHj; boi hai nhém R 1am sy ting do bén cua cac phitc CH;COCHR,+-XCN
s0 v6i CH3COCH3+-XCN, trong khi d6 tac dong khong dang ké téi do bén cua céac
phttc CH3COCHR;:--CO; so v6oi1 phue CH3COCH3:-CO,. Pang chu y rr?mg FCN la
axit manh nhat trong s6 cac phan tit XCN, CO,, do su chuyén thém mat do electron
tir n(O) cia CH;COCHR,; t6i obitan 6*(C—F) cua FCN. DPiéu nay khong duoc quan
sat trong cac truong hop khac.

- Mtic d6 chuyén doi xanh tin s6 dao dong hoa tri cua lién két C—H tham gia
vao lién két hydro C-H--O/N ti 18 nghich v&i do phan cuc cua lién két C—H, ti 18
nghich véi do bazo pha khi cia nguyén tir O/N trong monome ban dau va phu thudc
nho vao dang hinh hoc phtre.

3.5. Phirc twong tac gitta NH,CHO va XNHCHO v¢i H,O

Véi muyc dich tiép tuc di sau nghién ciru ngudn gbc hinh thanh, ban chat va
d6 bén cac lién két hydro, dic biét 1a lién két hydro C—H---O, N-H:O khi chung
dugc phat hién ton tai trong cac cdu triac cta su sdng, ching toi khao sat twong tac
ctia formamide va cac dan xuét thé cia nd véi H,0.

3.5.1. Phure gita NH,CHO voi H,0O

Tién hanh t6i uu cau tric cac phic cia NH,CHO va H,O tai B3LY P/aug-cc-

pVTZ thu dugc ba phiic bén 1a F1, F2, va F3 (hinh 3.12). Pé chitng minh sy ton tai
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tuong tac trong cic phuc, phan tich AIM duoc thuc hién tai cing muc 1y thuyét.
Hinh hoc topo khi phan tich AIM ctia cac phire ciing duoc thé hién trong Hinh 3.12.

?jé ? Fat
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F1-AIM F2 — AIM F3-AIM
Hinh 3.12. Dang hinh hoc bén va hinh hoc topo cta cac phirc giira
NHZCHO Vo1 H20

Két qua thu dugc cho thay, trong cic phirc déu c6 su hinh thanh twong tac
gita hai nguyén tir H va O ctua H,0 va NH,CHO. Céc khoang cach tiép xac H+-O
giita hai nguyén tir déu nho hon nhiéu so véi téng ban kinh Van der Waals cua
chung (2,72 A). Giita hai nguyén tir twong tac H--O déu ton tai cac BCP, voi mat do
electron (p(r)) trong khoang 0,0185-0,0301 au va Laplacian (V(p(r)) trong khoang
0,0726-0,0885 au, déu thudc gidi han dugc dé nghi cho twong tac yéu (0,002-0,035
au d6i v6i p(r) va 0,02-0,15 au dbi voi V3(p(r)) [41], [87], [112 ]. Nhu vay, trong tat
ca cac phtrc déu c6 hinh thanh lién két hydro.

Phtrc F1 ¢6 hai lién két hydro N4—H5..-O8 va O8-H7---O2 tao thanh ciu tric
vong. Phitc F2, F3 ¢6 mit chi mot lién két hydro O8—H7---02 hodic N4-H6.--O8
tuong tng. Dang cdu trac va do bén cua phtrc déu phu hop voi cac cong b trudce

day vé phuc gitta NH,CHO va H,O [19], [95]. That vdy, tai muc 1y thuyét
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B3LYP/aug-cc-pVTZ, ning luong twong tac khi hiéu chinh BSSE cua F1, F2 lan
lwot 1a -35,17, -24,49 ki.mol™, (theo [19]: tai MP2/6-311++G(d,p), gia tri nay 1a -
32,84; -24,09 ki.mol™). Nang luong tuong tac hiéu chinh ca ZPE va BSSE cua F2,
F3 1a -16,61 va -13,41 kd.mol™ (theo [95]: tai MP2/aug-cc-pVTZ la -15,73 va -
13,81 kJ.mol™).

Bang 3.24. Niang luong tuong tac (AE, AE, kl.mol™), ning lwong ciia mot lién két
hydro (Ey..o, kJ.mol™), su thay d6i do dai (Ar, A) va tan sb dao dong hoa trj (Av,cm’

1) cua lién két tham gia lién két hydro so véi trong monome ban dau, va phan tich

NBO cua cac phtre gitra NH,CHO va H,0

Einter(n(o)
. A%s
Phuc AE AE En-o Ar Av Ac* —c*(N(O)
(O/N)
_H)

-17,1  0,0073 -119,2 0,0077 1,41 3,85

-32,4* 0,0152* -298,5* 0,0223" 4,98 10,32°
F2 -169 -166 -32,5 0,0117 -236,3 10,0182 4,68 9,77
F3 -13,7 -134 -19,4 0,008 -98,9 0,0089 1,72 5,42

F1 -250 -24,6

% cho lién két O8—HT trong F1

Bang 3.24 cho thiy, cac phtc thu duoc kha bén, F1 bén nhat, dén F2, va kém
bén nhét 14 F3. Ning luong cua lién két hydro O—H---O trong hai phirc F1 va F2 xap
xi nhau, con niang luong lién két hydro N-H---O trong F3 am hon mét it so véi
trong F1. Sy dong gop cua hai loai lién két hydro nay 1am cho nang luong twong tac
ciia F1 am hon rat nhiéu so v&i hai phtc con lai. Nhu vay, lién két hydro kiéu O—
H---O bén hon, déng gop 16n hon dén d6 bén phirc F1 so voi lién két hydro N—
H---O. Nang Ilugng tuong tic si€éu lién hop ngoai phan to trong F1
Einter(n(02)—6*(08-H7) 16m vuot han Eiye(n(08)—o*(N4—HS5) ciing minh ching
cho nhan dinh nay (bang 3.24).

Xem x¢ét su thay ddi do dai lién két, tan sé dao dong hoa tri cua lién két N4—

H5(6) va O8—H7 so voi monome ban dau cho thay, tit ca cac lién két déu co Ar > 0,
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Av < 0 (bang 3.24), nhu vy tat ca cac lién két hydro trén déu 1a lién két hydro
chuyén doi d6. Mirc do ting d6 dai va giam tan s6 dao dong hoa tri cua lién két O—
H 16n hon nhiéu so véi lién két N-H. Két qua bang 3.24 ciing chi ra do bén va tan
s dao dong hoéa tri cia N4—-H5(6) va O8-H7 giam trong cac phirc so v6i trong
monome 1a do su ting mat do electron trén obitan phan lién két o*(N(O)-H) quyét
dinh hon so véi sy ting phan trim dic tinh s ctia nguyén tir N(O).
3.5.2. Phurc gita XNHCHO (X= F, Cl, Br, CH3) vdi H,0

Pé xem xét kha nang hinh thanh, 4nh hudng cia mdi loai lién két hydro t4i
do bén cta phtrc, cling nhu d&nh hudng cua vigc thé H trong —NH;, cia NH,CHO dén
d6 bén cac phirc hinh thanh, vai trd va ban chat cac lién két hydro, chung toi tién
hanh khao sat cac phtrc cua twong tac gitra XNHCHO (X= F, CI, Br, CH3) véi H,0.
Dang hinh hoc bén cta cc phirc tai B3LYP/aug-cc-pVTZ gdm F1X, F2X va F3X
(voi X =F, Cl, Br, CH3) nhu & hinh 3.13. Hinh hoc topo ctia cac phurc nay ciling
duogc thé hién trong hinh nay. Nang luong tuong tac (AE’), khoang cach tiép xuc,
ning luong cua mot lién két hydro duoc tip hop trong bang 3.25.

Céc phirc bén F1X va F2X cia XNHCHO -H,0 ¢6 dang hinh hoc tuwong tu
F1 va F2 cta phitc NH,CHO--H,0. Pang cht ¥, khi thay thé cac halogen va nhom
methyl xut hién lién két hydro C—H---O trong céac phirc F3X. Su c6 mit céc lién két
hydro trong cac phirc déu dugce xac nhan boi cac BCP giita H-+-O, H-+F, va ¢o p(r),
V4(p(r)) lan luot trong khoang 0,0052-0,0322 au va 0,0160-0,0908 au (déu thudc
giéi han dé nghi cho twong tac yéu).

Bén canh lién két hydro C—H--O, phtc F3F xuat hién lién két hydro O—H--F.
Kiéu lién két hydro nay khong dugc phat hién trong phirc F3Cl va F3Br (vi khoang
cach tuong tac 1a kha 16n (bang 3.25) va khong ton tai BCP gitta H--Cl va H:+-Br
(hinh 3.13). Nguyén nhan 1a do F c6 d6 4m dién 16n hon nhiéu so v6i Cl va Br. Mt
khac do ban kinh nguyén tur cua F nho, trong khi cua CI va Br 16n hon nén khé hinh
thanh lién két hydro.
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Hinh 3.13. Dang hinh hoc t6i vu va hinh hoc topo cta cac phtrc giita
XNHCHO (X=F, ClI, Br, CH3) voi H,O

Két qua bang 3.25 cho thdy AE™ cua cac phirc déu am, chimg to cac phuc
hinh thanh kha bén. Dang phtrc F1X bén nhat, téi F2X, va dang phirc F3X kém bén
nhit. Ning lugng tuong tac cia F3X it 4m hon nhiéu so v&i F2X, cho thiy lién két
hydro C—H--O kém bén hon nhiéu so véi O-H--O. Nhan dinh nay duoc minh
chtng xa hon véi tri s6 nang lugng lién két cua lién két hydro C—H---O kha nho (3-9
kJ.mol™), trong khi ning lugng lién két hydro O-H-O trong cac phirc khoang 21-36
kd.mol™. So sanh tri s6 nang luong twong tac ciia F1X va F2X, va niang luong cua
mot lién két hydro cho thay lién két hydro O—H--O bén hon so N-H--O trong viéc
dong gop dén do bén cac phuc. Tom lai, do bén cac lién két hydro giam theo thir ty

O-H:--O > N-H--O > C-H---0O.
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Bang 3.25. Nang lugng tuong tac, khoang cach tiép xuc, ning lugng ciia mot lién

két hydro cua cac phirc gitta XNHCHO (X=F, Cl, Br, CHs) v&i H,0

E3

Phi X AE R(H--0) En-o T t
e kimolyy  (A) (k.moll) —OnEHe
F 243 1,99 -23,6
cl -25.8 1,97 -24.3 508
Br -24,8 1,98 -23,6
iy CHs 262 2,09 17,4
F 243 2,02 21,1
cl -25.8 1,96 -25.6
H7...02
Br  -248 1,96 -25.8
CH; -26,2 1,87 -355
F 11,6 1,98 23,9
cl -13,5 1,94 -26,1
F2X H7--02
Br -13,4 1,94 -27,4
CH; -18,0 1,88 -34,3
2,36 7.9
- 45 H3.-08
2,39 -6,7 H7---F6
2,35 7.9
cl 44 H3---08
Cax 4,22 H7---CI6
2,39 7,2
Br -4 438 H3--08
’ H7---Bré
279 -3,3
CH, 37 H3.--08
2,58 -4.6 H10 --08

Pé 1am rd hon vé d bén cia phirc, ching t6i tinh 4i luc proton (PA) tai O va

enthalpy tach proton (DPE) cua lién két C—H va N-H trong XNHCHO, két qua

dugc tap hop trong bang 3.26. Két qua bang 3.26 cho thay, khi thay thé halogen

(XNHCHO) i luc proton tai O va enthalpy tach proton cia N—H va C-H déu giam;

trai lai khi thay thé —CHs, hai dai lugng nay déu ting so v6i trong NH,CHO.
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Bang 3.26. PA(O), DPE(N-H) va DPE(C-H) cia XNHCHO tai B3LYP/aug-cc-pVTZ

XNHCHO
Nang lugng
X=H X=F X=ClI X=Br X=CHjs
PA (O) (kJ.mol™) 817,12 764,00 789,64 802,37 849,73

DPE (N-H) (kJ.mol) 1511,00 1402,16 1408,35 1408,70 1518,98
DPE (C-H) (kl.mol™)  1622,73 1560,57 1557,81 1553,05 1625,63

Dbi véi cac dan xuat thé halogen thi PA(O) va DPE (N-H) tang dan, trong khi
DPE cia C-H giam dan. Két qua ndy minh chimg do bazo pha khi ctia O ting dan
theo tht tu F < Cl < Br < H < CH3; d0 phan cuc cua lién két N-H tang dan theo trat
tr CHz < H < Br < Cl < F va cua lién két C—H ting dan theo trat ty CH; < H < F< Cl
< Br. Céc anh hudng trai chiéu nay din dén d6 bén cac phtrc dan xuit thé cing dang
hinh hoc F1X ¢6 d6 bén khong khac nhau nhiéu va khong khac so v6i F1, ngoai trir
dan xuét thé cua —CH3 c6 d6 bén vuot trdi so véi cac dan xudt thé con lai. Diéu nay
minh chung sy dong gop vuot trdi cua dd bazo pha khi tai O so véi d0 phan cuc lién
két N—H trong phirc FICHj;. Hon nita, két qua trén con cho thdy viéc thay thé H
trong —NH, ctia NH,CHO boi cac halogen hau nhu khéng anh huong nhiéu dén do
bén cac phire hinh thanh. Két qua tuong tw d6i v6i dang phirc F2X, cac phtc din xuit
thé halogen c6 ning luong tuong tac xap xi nhau va hoi it 4&m hon so v6i F2, va ting
vuot troi khi thé nhom methyl. Nhu vy, PA(O) con quyét dinh chinh t6i d6 bén phirc
dang F2X.

Véi cac phirc F3X, phirc F3F bén nhat vi ¢ thém luc hit tinh dién gitta F va
H. Mic du hinh thanh hai lién két hydro C-H:+-O nhung phirc F3CH3 kém bén nhat,
cho thay lién két hydro C—H---O yéu hon so véi céc lién két hydro khac. Ey.o cla
lién két C—H--O rat nho (3-8 ki.mol™) so v&i hai loai lién két N-H--O (17-25
kJ.mol™) va O—H-+-0 (21-35 kJ.mol ™) ciing 14 mot minh chimg xa hon cho viéc kém
bén hon clia F3X so véi F1X va F2X.

Su thay d6i do dai lién két, tan s6 dao dong hoa tri cia lién két C—H, N-H va
O-H tham gia lién két hydro va phan tich NBO cua cac phirc XNHCHO:--H,0
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(X=F, CI, Br, CH3) dugc tap hop trong bang 3.27. Khi phtrc hinh thanh d¢ dai lién
két N—H va O—H trong tat ca cac phirc déu ting 1én (0,0070-0,0092 A), giam tan sd
dao dong hoa trj (112,0-160,6 cm™). Do do, tit ca cac lién két hydro N-H:+-O va O—
H--O déu la lién két hydro chuyén doi do. Véi lién két hydro N-H--O, mirc do
chuyén doi d6 ting khi thay thé halogen va giam khi thay thé CHs. Chiéu thay doi
nay pht hop voi su thay d6i do phan cuc cua lién két N—H trong cac monome ban
dau (XNHCHO). Murc d6 chuyén doi do cua lién két hydro O—H-+O giam khi thay
thé halogen va ting khi thay thé nhém methyl, va tht tu ting tir F < Cl < Br < CH,4
(bang 3.27), phu hgp véi d6 bazo pha khi tai nguyén tir O ting (bang 3.26). Nhu
vay, d0 bazo pha khi ctia phan tir nhan proton cang 16n chuyén doi d6 cang manh va
nguoc lai.

Két qua bang 3.27 cho thy khi phirc hinh thanh, d6 dai lién két C—H trong
tat ca cac phirc F3X déu duoc rat ngin va ting tan s6 dao dong hoa tri so voi trong
monome tuwong tmg ban dau, do d6 cac lién két hydro C—H-+O déu 1a lién két hydro
chuyén doi xanh. D6 phan cuc cua lién két C—H trong din xuét thé ting tir F dén Cl
va dén Br (bang 3.26), trong khi muc do chuyén doi xanh cia C—H trong lién két
hydro C-H---O giam theo trat tw F3Cl > F3F > F3Br. Do vy, muc do chuyén doi
xanh cua lién két C—H trong C—H---O bén canh ti 1€ nghich v&i d§ phan cuc lién két
C—H trong monome ban dau con phu thudc dang hinh hoc cua phtrc hinh thanh. Xét
lién két hydro O8-H7---F6 trong F3F, khi hinh thanh phirc d6 dai lién két O8—H7
tang 1én, giam tan s6 dao dong hoéa tri, nén day 1a lién két hydro chuyén doi do.

Phén tich NBO cho thay, lién két hydro N-H-O va O—H---O chuyén doi d6
do mat do electron ting & o*(N(O)-H) vuot hon su ting phan trim dic tinh s tai
nguyén tr N(O). Su chuyén doi xanh cua lién két C1-H3 trong C1-H3:-08 do ca
hai yéu t6 dong gop, d6 1a sy giam mat do electron & o*(C1-H3) va tang phan trim
dic tinh s ctia C1; con su chuyén doi xanh cia C6-H10 trong C6-H10---O8 1a do su
tang phan traim dic tinh s ctia nguyén tir C6 quyét dinh.
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Bang 3.27. Su thay d6i do dai lién két, tan sé dao dong hoa tri cua lién két C/N/O—
H tham gia vao lién két hydro C/N/O—H---O va phan tich NBO cua cac phuc
XNHCHO-H,0 (X=F, Cl, Br, CHj)

) Ar Av Ac™ A%s(N/O/C) .
Phuc X 1 Lién két
A (cm™) (e) (%)
F 0,0081 -134,2 0,0149 3,01
Cl 0,0092 -160,6 0,0125 4,43
N4-H5
Br 0,0089 -157,0 0,0121 4,37
F1X CH; 0,0070 -112,0 0,0069 1,29
F 0,0104 -193,1 0,0114 4,11
Cl 0,0126 -237,9 0,0159 4,50
0O8-H7
Br 0,0126 -238,2 0,0160 4,51
CHj 0,0167 -321,4 0,0252 5,21
F 0,0075 -152,2 0,0107 4,22
Cl 0,0089 -180,7 0,0132 4,19
F2x Br 0,0091 -184,7 0,0135 3,95 O8-H7
CH;3 0,0128 -257,0 0,0199 4,82
E -0,0019 34,1 -0,0056 4,40 C1-H3
0,0010 -13,6 -0,0025 2,22 08-H7
Fax Cl -0,0022 38,0 -0,0058 3,24 C1-H3
Br -0,0020 35,0 -0,0057 1,08 C1-H3
cH -0,0024 34,2 -0,0040 0,43 C1-H3
’ -0,0143 22,1 0,0042 0,72 C6-H10

3.5.3. Phan tich SAPT

Pé 1am rd vai tro cua cic hop phan ning lugng dong gop t6i do bén tong

cong cac phitc va so sanh céac lién két hydro O—H:-O , N-H-O va C—H--0, ching

t6i thuc hién phan tich SPAT2+ véi bd ham aug-cc-pVTZ. Céc két qua thu dugce tap

hop trong bang 3.28.

Tir két qua bang 3.28 ta thay, su dong gbp cua cac hgp phan ning luong

t§i nang lugng bén tong cong 1a khac nhau. Hop phan ning lugng tinh dién Egjes
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chiém trén 50%, dong vai tro chinh trong viéc lam bén phtirc. Bén canh do, hop
phan ning luong cam Gng va phan tan cling dong mot vai trd quan trong. Hop
phan ning luong cam ung dong gop trong khoang 14-27 % va hop phan ning
lugng phan tan 1a 17-28 %. Nhu vay, do bén cic phirc duge dong gbp boi ba hop
phan ning lugng: tinh dién, cam Gng, phan tan, trong d6 hop phan tinh dién dong
g6p chu yéu. Hop phan 6E™" déng gop nho nhat (3-7 %). Nang lwong trao d6i
(Eexch) O gia tri 16n, nhung c6 gia tri dwong nén 1am giam do bén phirc. Nhin
chung, hai hop phan ning luong cam tng va phan tan dong gbp xap xi nhau, tuy
nhién trong cic phtc ¢6 hinh thanh lién két hydro O—H--O va N-H---O thi hop
phin cam tng chiém wu thé hon, con phirc hinh thanh lién két hydro yéu C—
H---O v C—H-+F thi hop phan phan tan chiém wu thé.
Bang 3.28. Phan tich SAPT2+ cho cac phire tai aug-cc-pVTZ (kJ.mol™)

Phirc Eelest Eind Eqisp Eecn  OE T BT
F1 -71,3(50) -37,6(27) -24,0(17) 90,7 -8,6(6) -50,8
F2 -43,2(51) -20,9(25) -14,7(18) 51,3 -53(6) -32,9
F3 -29,5(57) -9,7(19)  -9,3(18) 27,3 -2,9(6) -241
F1F -67,6(51) -34,7(26) -23,0(17) 849 -8,0(6) -483
F1Cl -73,1(50)  -39,2(27) -25,0(17) 949 -9,2(6) -51,6
F1Br -72,2(50) -38,7(27) -25,0(17) 939 -9,1(6) -51,0
FICH;  -74,8(50) -40,3(27) -25,3(17) 96,7 -9,4(6) -53,0
F2F -33,3(52) -14,9(23) -12,9(20) 38,7 -3,5(5) -26,0
F2Cl -36,2(51) -17,1(24) -13,6(19) 429 -41(6) -281
F2Br -36,5(51) -17,5(24) -13,8(19) 43,7 -4,3(6) -284
F2CH;  -456(51) -22,4(25) -154(17) 544 -58(7) -348
F3F -17,4(51) -6,0(18)  -9,1(27) 179 -1,4(4) -16,0
F3Cl -12,9(52) -4,2(17)  -6,4(26) 121  -12(5) -12,5
F3Br -12,1(52)  -3,9(17)  -6,3(27) 119 -1,1(4) -11,5

F3CH,  -12,3(55) -3,2(14) -64(28) 99  -0,7(3) -126

Gid tri trong ddu ngdc don la phan tram déng gdp ciia hop phan ndng luong

vao nang luong lam bén phirc
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Ning luong twong tac cia cac phirc tinh toan theo SAPT (B3P T2+/aug-cepVizy
am hon nhiéu so vdi ning luong twong tac AE* tinh tai B3LYP/aug-cc-pVTZ. Tuy
nhién ca hai phuong phap déu c6 méi twong quan tot (hinh 3.14). Chi c6 mot sy
khac nhau nhé trong nang lugng tuong tac giltta hai phuong phép cua phuc
F3CHgs, nguyén nhan c6 thé do déng gop vuot trdi caa hop phan ning luong tinh

dién tGi phirc nay.

. AEB3LYP/uug—cc—pVTZ

0 = ESAPT2+/aug-cc-pVT/, T
2-F2
'3-F3
s 10 4-FIF
—
) 5-FICI
E. 20 6 - F1Br
) 7-F1CH;
Q 8 - F2F
s ‘ 9-F2CI
(=14} —30- \
E s | 10 - F2Br
B \ | . 11 - F2CH;
80 -40 - \ [ 12 - F3F
E. \ / 13 - F3Cl
= L / 14- F3Br
%‘) -50 F e 15 - F3CH;
) ® ~e
Z
-60 T T T T T T T T T T T
0 2 4 6 8 10 12 14 16

Phic

Hinh 3.14. Mi twong quan vé ning luong tuong tic gitta hai phwong phap
SAPT2+ va B3LYP

NHAN XET

- Két qua nghién ciu 1y thuyét cho thdy tuong tic giita NH,CHO va
XNHCHO (X= F, Cl, Br, CH3) v&i H,O thu duoc 15 phitc kha bén vdi dong gop
ctia cac lién két hydro va vai tro chinh 13 lién két hydro O—H--O. Két qua dat dugc
cho thdy d6 bén lién két hydro giam theo trat ty O—H:-O > N-H-0 > C-H--O.

- Khi thay thé H (-NH,) trong NH,CHO bai X = F, Cl, Br, CH3, d6 bén céc
phuc thé dan xuét halogen khong thay doi dang keé, tang 1én ddi véi phirc dan xuét
thé —CHs, so vai phitc NH,CHO--H,0; cho thy vai tro do bazo pha khi tai O déng

gop 16m hon so véi dd phan cuc lién két N—H trong viéc 1am bén phitc.
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- T4t ca cac lién két hydro O—H:--O va N-H---O déu thudc loai lién két hydro
chuyén doi do, con lién két hydro C-H--O thudc loai chuyén doi xanh. Mtc do
chuyén doi do cua lién két hydro O—H-O va N-H-O ti 18 thun voi d bazo pha
khi tai nguyén tir O va d6 phan cuc cua lién két N-H va O—H. Mirc do chuyén doi
xanh cua lién két hydro C—H---O ti 1¢ nghich v&i d6 phan cuc lién két C-H va phu
thudc nho vao dang hinh hoc phuec.

- Phan tich SAPT2+ chi ra hop phan ning luong tinh dién dong vai trd chinh
trong viéc lam bén phirc, cing v6i su dong gbp cua hop phan cam Gmg va phan tan.
Céc phuc c6 hinh thanh lién két hydro O—H-O va N-H-O hop phin cam ung
chiém wu thé hon mdt it, con phtrc hinh thanh lién két hydro yéu C—H--O hop phan
phan tan lai chiém uu thé hon.

3.6. Phirc twong tac giira RCHO (R = H, CH3, F, Cl, Br) véoi CH;CHO
3.6.1. Dang hinh hoc, nang lwong twong tac va phan tich AIM

Thuc hién t6i wu hinh hoc tai mitc MP2/6-311++G(d,p) cho cac phuc giita
RCHO vé1 CH3CHO, ching t61 thu dugc 9 cAu tric bén thuoc 2 dang hinh hoc khac
nhau 1a V1 va V2 (hinh 3.15). Hau hét cac phtrc déu thuéc nhom diém ddi xtng Cs,
ngoai trir phirc CH3;CHO---CH;CHO (V1) thudc nhém diém d6i xtng Cp, va
NH,CHO---CH;CHO (V1) thuéc nhém diém ddi xtng C;. Ning luong twong tic
ctia cac phirc (kJ.mol™), khoang cach tiép xiic cia cac nguyén tir tuong tac (A),
enthalpy tach proton trong cac monome (kJ.mol™), 4i luc proton tai O va X (kJ.mol’

1 tap hop & bang 3.29.

Hinh 3.15. Dang hinh hoc bén ciia cac phitc RCHO---CH;CHO (R = H, F,
Cl, Br, CH3, NH,; X =F, ClI, Br)
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Bang 3.29. Cac thong s tiéu biéu khi phuc hinh thanh tai MP2/6-311++G(d,p)

Phirc AE AE"  RlhoicR3 R2 DPE(C-H) PA(O, X)
R=H 12,10  -7,47 2,52 2,59  1616,15 678,0
R=F -16,88 -12,63 2,37 2,72 1464,87 626,6
vy R7C 17,71 -11,88 2,34 2,70 1327,79 664,1
R=Br -17,85 -12,57 2,34 2,72 1281,20 669,2
R=CH; -13,20 -8,74 2,53 2,53 1704,25 7375
R=NH, -1574 -11,21 2,48 2,48  1662,78 798,7
X=F -15,90  -11,59 2,69 2,31 646,1%
V2 X=Cl -18,02  -11,70 3,10 2,24 653,3%
X=Br -18,82  -12,99 3,24 2,18 658,1%

%) i e proton tai X (PA(X))

Nhin vao bang 3.29 va hinh 3.15 thy rang, cac khoang cach tiép xuc H--O
(R1 va R2) dbi véi tt ca cac phirc ciia 2 dang hinh hoc V1 va V2 déu nho hon tong
ban kinh Van der Waals ctia nguyén tir O va H (2,72 A). Vi vy ¢6 sy hinh thanh lién
két hydro H-~-O trong cac phuc V1 va V2. Déi véi tiép xac H2---X8 (X =F, Cl, Br)
trong hinh hoc V2, khoang céach tiép xtic hoi 16n hon so vé6i tong ban kinh Van der
Waals giita hai nguyén tir trong timg. Cu thé, tong ban kinh Van der Waals ctia chung
lan luot 1a 2,67; 2,95; 3,05 A ddi véi cac sur tiép xuc H-~-F, H--Cl, H--Br. Tuy vay,
van c6 sy hinh thanh lién két hydro H2---X8 va do bén cua lién két nay do su bo trg
cta lién két hydro C5-H6---O3. Hinh hoc topo dua theo thuyét AIM cho cac dang
phtrc V1 va V2 (hinh 3.16) da xac nhan cac nhan dinh nay.

Hinh 3.16. Hinh hoc topo ciia cac diém t6i han trong cac dang phirc V1 va V2
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Két qua phén tich AIM cho thiy gia trji mat d6 electron va Laplacian tai BCP
cta H2:-O7 trong khoang 0,006-0,010 au va 0,022-0,032 au, tai BCP cta H6:--O3
trong khoang 0,009-0,016 au va 0,027-0,055 au twong tmg. Tat ca cc gia tri cia hai
dai lugng nay déu thudc gidi han tiéu biéu cho sy hinh thanh lién két hydro. Vi vay,
nhimg su tiép xuc dé cap o trén déu 1a cac lién két hydro. Tir hinh 3.15 va hinh 3.16
cho thdy d6 bén cua cac dang phtrc V1, V2 1a do sy dong gop cua hai lién két hydro
C5-H6:+03 va C1-H2--07(X8) (X = F, Cl, Br) [79], [88]. Dbi v6i dang V1, khi
chi hiéu chinh ZPE, do bén cac phtrc giam theo thir tu cac din xuét Br>Cl > F >
NH, > CH;3 > H, tuy nhién véi hi¢u chinh dé)ng thoi ZPE va BSSE thi d6 bén céc
phuc giam theo tht tw din xuat F > Br > Cl > NH, > CH; > H (bang 3.29). Nguyén
nhan cta sy khac nhau vé trat tu nay do phtc ctua din xuét thé flo co tri s6 BSSE
dong gdp nho hon vao ning luong twong tac so voi cac phirc cia din xuit thé Cl va
Br [54]. Tir két qua bang 3.29 thy rang, gia tri DPE(C5-H6) giam theo thir ty cac
dan xuit CH; > NH, > H > F > Cl > Br va PA(O7) giam dan theo thr ti cac dan
xudt NH, > CH; > H > Br > Cl > F. Két qua nay dan dén do bén cua lién két hydro
C5-H6---03 ting theo thir ty CH; < NH, < H < F < C1 < Br, va d6 bén cua lién két
hydro C1-H2:--O7 giam theo thir tw NH, > CH; > H > Br > Cl > F. Do v4y, lién két
hydro C5-H6:-03 quyét dinh d6 bén cua cac phic v6i R = F, Cl, Br so véi cac
phtc véi R = H, CHs, NH,; va lién két hydro C1-H2:-O7 quyét dinh d6 bén cac
phtrc véi R = CH3, NH; so véi phie R = H. Tom lai, dbi véi dang hinh hoc V1, vi¢c
thay thé 1H trong HCHO bai cac nhom thé khac nhau lam cho d6 bén cua cac phiic
RCHO--CH;CHO ting 1én va bién d6i theo thir ty din xuat Br > Cl > F > NH, >
CHs; > H. Pdi v6i dang V2, nang luong tuong tac cua cac phirc am dan theo thir tu
tir dan xuét thé F dén Cl va dén Br (khi hiéu chinh ZPE, va khi hiéu chinh ca ZPE
va BSSE). Piéu nay duogc giai thich 1a do DPE(C5-H6) ¢ dan xuét thé F > C1 > Br
va PA(X8) & Br < Cl <F nén lam cho d6 bén cua ca hai lién két hydro C1-H2-+-X8
va C5-H6:-03 & dang V2 déu tang 1én theo thir tu ddn xuat F < Cl < Br, din dén do
bén cua cac phirc tang theo thir ty ndy. Két qua bang 3.29 con cho thay, véi R =F,
Cl, Br, cac phtrc dang V2 va V1 ¢6 do bén xép xi nhau.
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3.6.2. Sw thay doi dé dai lién két, tan so dao dong héa tri

Sy thay d6i vé do dai lién két, tan s6 dao dong hoa trj cua céac lién két C—H

tham gia lién két hydro C—H---O va C-H--X (X =F, Cl, Br) duoc chi ra & bang 3.30.

Bang 3.30. Su thay ddi do dai lién két (Ar, A), tAn sé dao dong hoa tri (Av, cm™)

ctia lién két C—H tham gia lién két hydro trong cac phtrc & hinh 3.15

Cl1-H2 C5-H6
Phuc
Ar Av Ar Av
R=H -0,0040 55,1 -0,0037 52,3
- R=F -0,0031 44,5(16,3)* -0,0020 31,6(16,3)*
7 R=CI -0,0030 42,8 -0,0020 35,8
- R=Br -0,0028 39,5 -0,0021 37,3
- R=CHj3 -0,0040 56,1 -0,0040 56,1
- R=NH, -0,0046 63,5 -0,0032 46,5
X=F -0,0025 35,7(17,1)* -0,0014 25,9(16,3)*
V2 X=ClI -0,0025 34,1 -0,0014 30,4
- X=Br -0,0026 36,9 -0,0012 24,9

*gid tri thwc nghiém doi véi lién két C—H trong phirc FCHO-+FCHO [79]

Két qua bang 3.30 cho thiy khi phirc hinh thanh céac lién két C1-H2 va C5—

H6 déu rat ngan so voi cic monome twong Umg ban dau trong khoang 0,0012-

0,0046 A. Cung véi viéc rat ngan cac do dai lién két con c6 sy ting tan s dao
dong hoa tri trong khoang 24,9-63,5 cm™. Nhu vy, céc lién két hydro C—H:O(X)
trong hai dang hinh hoc V1, V2 déu thudc loai lién két hydro chuyén doi xanh

[65]. Cac két qua dat dugc phu hop véi cac nghién ciru 1y thuyét va thuc nghiém

trudc day vé hai kiéu lién két hydro chuyén doi xanh C—H-+-O va C-H---X trong
cac dime XCHO (X = CHg, H, F, Cl, Br, 1) tai mitc MP2/6-311++G** [88]. Cu
thé, su rat ngan lién két C—H trong khoang 0,001-0,004 A va tan sé dao dong hoa

tri ting trong khoang 6-33 cm™.
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Két qua thuc nghiém trong [79] do duoc tan s6 dao dong hoa tri C—H ting
khoang 17 cm™. Khi xét dang hinh hoc V1, muc d6 rat ngin do dai lién két va
chuyén doi xanh cia lién két C1-H2 trong C1-H2---O7 nhin chung bién doi theo
chiéu tang dan véi R 1an lugt 1a Br, Cl, F, H ~ CH3, NH,. Di véi lién két C5—HS,
khi R =F, Cl, Br, su rt ngin do dai lién két xap xi nhau va nhé hon so véi khi R =
H, CHs, NH,. Két qua nhan dugc phu hop vé1 mire do phan cuc cua lién két C5-H6
trong c4c monome ban dau (ty 1& nghich véi DPE(C—H) - bang 3.29).

Péi voi hinh hoc V2, cac lién két C1-H2 trong C1-H2--X8 ciing duoc rit
ngan va tan sd dao dong hoéa tri ting so v4i trong cac monome tuong tmg, va tri sd
thay d6i xap xi nhau. Do vy, viéc thay thé R boi cac nguyén tir halogen khac nhau
khong anh hudng nhiéu dén mirc do rat ngan lién két va ting tan sd dao dong hoa tri
cua lién két C1-H2. Dbi voi lién két C5-H6, murc do rat ngin d6 dai lién két va
ting tan sd dao dong hoa tri giam theo chiéu tir dan xuat thé F dén Cl va dén Br.
Chiéu huéng bién ddi nay phu hop voi su ting do phan cuc cta lién két C5-H6
trong c4c monome tuong tmg ban dau (bang 3.29). Nhu viy, su chuyén doi xanh
tan sb dao dong hoa tri cua lién két C-H phu thudc vao thudc tinh cia monome ban
dau, cu thé 1a ty 18 nghich v&i d6 phan cuc cua lién két C—H tham gia lién két hydro.
3.6.3. Phén tich NBO

Thuc hién phan tich NBO cho monome va céc phtrc cua 2 dang hinh hoc V1
va V2 tai muac 1y thuyét MP2/6-311++G(d,p), két qua chi ra & bang 3.31. Tri sb
chuyén mat do electron tong (EDT) trong cac phirc dang V1 va V2 trong khoang 0-
0,0086 ¢ (nho hon ngudng 0,01 e), va dién tich cia nguyén t H déu ting lén
(Aq(H) > 0), nén mot 1an nira minh ching céc lién két hydro trong cac phic trén déu
thudc loai lién két hydro chuyén doi xanh [65].

O dang hinh hoc V1, phan traim dic tinh s & Cl, C5 déu ting lén trong
khoang 0,37-1,25 %, dong thoi mat do electron ¢ obitan o*(C1-H2), o*(C5-H6)
déu giam trong khoang 0,003-0,007 e, din dén su rat ngan d6 dai lién két va ting

tan s6 dao dong hoa tri cia lién két C1-H2 va C5-H6 khi phuc hinh thanh. Tuong
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tu, trong hinh hoc V2, khi X dugc thay thé boi F, CI hoac Br, phén tram dac tinh s
cua C1(H2) va C5(H6) tang trong khoang 0,24-2,52 % va mat do electron ¢ obitan
c*(C1-H2), 6*(C5-H6) giam trong khoang 0,002-0,004 e so v&i trong cac monome
tuong tng; két qua 1a lién két C1-H2 va C5-H6 rit ngin, tan sd dao dong hoéa tri
tang. Sy rat ngin lién két va ting tin s6 dao dong & cac lién két C1-H2 va C5-H6
trong dang hinh hoc V2 nhin chung x4p xi nhau & cac dan xuét thé F, Cl, Br. Nhu
vdy, su chuyén doi xanh cua lién két C—H tham gia trong cac lién két hydro phu
thudc vao hai yéu t6, d6 1a su giam mat do electron & 6*(C—H) va su tang phén tram
dic tinh s & C(C—H). Phat hién nay b6 sung thém so v6i nghién ctru trude day [88]
1a chi xét yéu t6 o*(C—H) anh hudng dén su rat ngin lién két va chuyén doi xanh
ctia lién két C—H.
Bang 3.31. Phan tich NBO cutia cac phitrc RCHO-CH3;CHO (R = H, F, CI, Br, CH3, NH,)
Cl-H2 C5-H6
Phuc =bT Ac* A%s  Aq(H) Ac* A%s  Aq(H)

e w om @ W @

R=H 0,0001 -0,006 0,68 0,026  -0,006 0,83 0,029

R=F 0,0043 -0,005 0,42 0,021  -0,003 0,89 0,029

R=Cl  0,0046 -0,005 0,41 0,020 -0,005 1,11 0,031

R=Br  0,0053 -0,005 0,37 0,018 -0,005 1,25 0,031

R=CH; 0,0000 -0,006 0,81 0,030 -0,006 0,81 0,030

R=NH, 0,0003 -0,007 1,00 0,036 -0,006 0,81 0,030

X=F 0,0061 -0,004 0,26 0,015 -0,002 1,30 0,034

V2 X=ClI 0,0064 -0,003 0,24 0,013 -0,004 2,01 0,038

X=Br  0,0086 -0,003 0,28 0,015 -0,004 2,52 0,041

V1

NHAN XET
- Qua trinh téi wu cac phitc RCHO--CH3;CHO (R = H, F, CI, Br, CH3, NH,) thu
duogc 9 phirc bén c6 cau tric vong 6 canh, ing voi 2 dang hinh hoc V1 va V2. Ning
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lugng tuong tac cia cac phurc tai CCSD(T)/6-311++G(d,p)//MP2/6-311++G(d,p) (hi¢u
chinh ZPE va BSSE) trong khoang -7,47 dén -12,99 kJ.mol™. D6 bén cac phirc déu
duoc dong gdp boi cac lien két hydro C—H---X (X = O, F, Cl, Br).

- Khi thay thé 1 nguyén tir H trong HCHO bang cac nhom thé khac nhau déu
lam tang d¢ bén ciia phirc hinh thanh. Do bén cac phiic giam theo thir ty cac dan xuat
sau: Br > Cl > F> NH, > CH3 > H (dang V1) va Br > Cl > F (dang V2). Khi thay thé
H boi F, Cl, Br, sy chuyén doi xanh cua lién két C—H giam, va nguoc lai khi thay thé
H boi CHs, NH, giy nén sy chuyén doi xanh cua lién két C—H ting khi phirc hinh
thanh. V&i cac dan xuét thé halogen khac nhau thi mirc do chuyén doi xanh cua lién
két C—H khac nhau khong nhiéu. Nhu vay su chuyén doi xanh cta lién két hydro
trong C-H-X (X=0, halogen) ti 1& nghich véi d6 phan cuc lién két C—H trong
monome ban dau.

3.7. CAu tric, dd bén va ning lugng twong tic trong cac phire ciia carbonyl va
cyanide
3.7.1. Céu tric hinh hoc va ning lwgng twong tac

Tuong tac cia RCHO véi XCN (R = H, F, Cl, Br, CHz, NH,; X=H, F) thu
duoc 22 phuc bén thudc 3 dang hinh hoc déu c6 nhom diém ddi xung C,. Céac dang
phuc 1an luot duoc ki hiéu 1a C1, C2, C3 tuwong tmg véi cac phic C1(R-X), C2(R-
H) va C3(R-X) (hinh 3.16). Ning luong tuong tic cia cac phuc tai mirc 1y thuyét
CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVDZ duogc tap hop trong bang 3.32.
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C1(CHs-F) C1(NH,-F) C2(H-H) C2(F-H)
J

C2(CI-H) C2(Br-H) C2(CHs-H) C2(NH,-H)

¢ Y

2,33

L

C3(F-H) C3(CI-H) C3(Br-H) C3(CHs-H)
W
C3(NH,-H) C3(CHs-F)

Hinh 3.17. Hinh hoc t6i vu cia cac phire C1(R-X), C2(R-X) va C3(R-X)
tai mirc 1y thuyét MP2/aug-cc-pVDZ
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Bang 3.32. Nang luong twong tac (kJ.mol™) cua cac phirc khao sat
tai CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVDZ

Cl(H-H) CIi(F-H) CI1(CI-H) CI1(Br-H) CIi(H-F) CIi(F-F)

AE"  -125 -12,1 -12,0 -12,0 -12,5 -12,8
C1(CI-F) C1(Br-F) C1(CHs-F) C1(NH,-F) C2(H-H) C2(F-H)

AE™  -127 -12,6 -14,6 -17,4 -14,2 -10,7
C2(CI-H) C2(Br-H) C2(CHs-H) C2(NH,-H) C3(F-H) C3(CI-H)

AE~  -105 -10,2 -17,9 -22,6 -10,9 -10,9
C3(Br-H) C3(CHs-H) C3(NH,-H) C3(CHs-F)

AE"  -11,4 -6,7 -14,8 -6,2

Khoang cach cua cac tuong tac O3+++C5, H2(8)--N6 va H7---03 1an luot ndm
trong khoang 2,72-3,07 A; 2,15-2,73 A; va 1,98-2,71 A. Tét ca cac khoang cach déu
nho hon tong ban kinh Van der Waals ctia hai nguyén tir tham gia vao tuong tac
(3,22 A; 2,90 A va 2,72 A cho cac cip O va C, Hva N, H va O). Nhu vdy, c6 thé du
doan su ton tai cta cac lién két hydro C-H-~-N/O va N-H:-N, tuong tac axit-bazo
Lewis >C=0---C trong cac phurc khao sat. Trong hai phirc C3(CH3-H) va C3(CH;-
F) lién két hydro C4-H9(10)-"N6 c6 thé ton tai mic du khoang cach tiép xuc
khoang 3,0 A, 16n hon mét it so véi téng ban kinh Van der Waals caa H va N. Sy
xuét hién lién két hydro nay l1a do su dong gép b tro cua lién két hydro Cl-
H2--N6. Phan tich AIM va NBO (chi tiét bén dudi) cling xac nhén su tén tai cua
cac tuong tac ndy. Khoang cach twong tac nho tir 1,98-2,15 A cua lién két hydro
N4-HS8:-*N6 va C5-H7---03 trong phitc C3(NH,-H) va ba phitc C2(H-H), C2
(CHs-H), C2(NH,-H) cho thdy do bén 16n hon ctia cac phirc nay so véi cac phic
con lai. Tém lai, 46 bén cac phitc C1(R-X) duoc dong gop boi ca tuong tac axit-
bazo Lewis >C=0---C va lién két hydro C—H--N, trong khi d6 cac phic C2(R-H) va
C3(R-X) duoc 1am bén boi lién két hydro C—H--O, C—H--N va N-H---N.

Nhu nhin thay trong hinh 3.17, khoang cach tuong tac cua tiép xuc >C=0---C
trong cac phitc C1(CHs-F) va C1(NH,-F) ngan hon so véi trong cac phicc C1(R-F)
khac; trong khi d6 khoang cach tuong tac cta cac lién két hydro trong cac phirc
hinh thanh 14 x4p xi nhau. Do d6, cac phirc C1(CH3-F) va C1(NH,-F) bén hon cac
phirc C1(R-F) con lai. That vy, nang luong tuong tac cuia C1(CHs-F) va C1(NH,-
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F) twong tng 13 -14,6 va -17,4 kJ.mol™, 4m hon so véi cc phirc C1(R-F) khéc (R =
H, F, Cl, Br) (trong khoang tir -12,5 t6i -12,8 k.mol™). Cac phirc vong véi HCN
ctia dang C1 trong trudng hop R = CH; hodic NH, khong bén trén bé mit thé ning.
Pé 1am rd van dé nay, chung t6i thyc hién phan tich NBO cho cac monome HCN va
FCN tai mirc 1y thuyét MP2/aug-cc-pVDZ. Pién tich NBO cta nguyén tir C trong
HCN (0,103 ¢) kém duong hon nhiéu so véi trong FCN (0,679 e), din tdi twong tac
tinh dién gitra nguyén tir O va C trong C1(CHs-F) va C1(NH,-F) manh hon dang
ké so v6i trong C1(CHgz-H) va C1(NH,-H) (néu c6). Nhu vay, dién tich duong 16n
trén nguyén tir C cia cac cyanide dan t6i sy hinh thanh cta hai phitc vong C1(CHs-
F) va C1(NHy-F).

Nang lugng tuong tac cua phitc HCHO---HCN va HCHO:---FCN dang C1 tai
CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVDZ thip hon khoang 1,0 kJ.mol™ so véi
tai MP2(full)/aug-cc-pVDZ, va ca hai c¢6 gia tri -12,5 kJ.mol™ trong nghién ctru cia
chung t6i trong khi chung tuong tmg 13 -11,0 va -11,4 kJ.mol™ trong tai liéu [93].
Céc phire thé halogen trong dang phirc C1 c6 ning luong tuong tac khoang -12,0
kd.mol™ cho RCHO--HCN va -13,0 kJ.mol™ cho RCHO--FCN, gin v6i ning luong
tuong tic cua cac phuc khi khong thay thé. Nhu vdy, trong dang C1, su thay thé cia
mdt nguyén tir H trong HCHO béi mot nguyén tir halogen tac dong khong dang ké
t61 do bén cac phirc RCHO - XCN so véi cac phire HCHO:XCN. Bé hiéu sau hon
su khac nhau trong d6 bén cac phirc C1(R-X) khi thay thé, 4i luc proton tai O cua
aldehyde va tai N cua cyanide cung vé6i enthalpy tach proton lién két C—H cua cac
aldehyde tai miec CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVDZ da dugc tinh toan,
két qua duoc tap hop trong bang 3.33.

Bang 3.33. Ning luong tach proton va ai luc proton (kJ.mol™) trong cac monome
RCHO tai CCSD(T)/aug-pVDZ//MP2/aug-cc-pVDZ

Monome HCHO FCHO CICHO BrCHO
DPE(C-H) 1681,9 1579,7 1530,4 1497,2
PA(O/N) 709,5 649,0 685,2 694,3
Monome CH5;CHO NH,CHO HCN FCN
DPE(C-H)  1654,3 1636,7/1533,0°  1460,0 -
PA(O/N) 7677 831,3 704,5” 677,5”

Dcho lién két N-H va "cho nguyén tir N
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Tu bang 3.33, d§ phan cuc cua lién két C-H trong RCHO giam tur dan xuét
thé Br > C1 > F > NH, > CH3 > H cho thiy d¢ bén lién két hydro C-H--N giam theo
hudng nay. Mit khac, d6 bazo pha khi tai O trong RCHO giam theo hudng thé NH,
> CH; > H > Br > Cl > F. Nhu vay, cac phitc C1(NH,-F) va C1(CHs-F) bén hon
cac phuc C1(R-X) con lai do sy dong gop 16n hon cua tuong tac axit-bazo Lewis
>C=0--C so v6i lién két hydro C—H---N t6i niang lugng bén tong cong. Su so sanh
giita cac phirc C1 ciia mot aldehyde voi HCN va véi FCN chi ra rang cac phiic
C1(R-H) kém bén hon so véi cac phitc C1(R-F) twong tmg mic du lién két hydro
C-H--N trong C1(R-H) bén hon so v&i trong C1(R-F) (do dd bazo pha khi tai N
trong FCN yéu hon trong HCN). Piéu nay chi ra ring d6 bén cac phic C1(R-X)
dugc dong gop chinh boi twong tac axit-bazo Lewis >C=0-C vuot hon lién két
hydro C-H---N. Bén canh d6, d6 bén 16n hon cua C1(R-F) ciing lién quan t&i su
chuyén mét do electron tir obitan n(O) téi 6*(C—F) (khong xuét hién trong C1(R-
H)) tuong tu nhu trong truong hop phirc cia CH3COCHR; vdi XCN ¢ trén.

Céc phtrc dang C2 hinh thanh boi lién két hydro Csp—H---O v61 khoang céach
tiép xuc ngin khoang 2.2 A. Ning luong tuong tac ctia chiing nim trong khoang tir
-10,2 t6i -22,6 kd.mol™. Bo bén cac phuc giam theo hudng dan xuét thé NH, > CH,
> H > Br ~ Cl = F, phu hgp véi huéng giam ai luc proton tai O cia RCHO (bang
3.33). D6 bén vuot troi cia C2(H-H), C2(CH3-H) va C2(NH,-H) so véi cac phirc
con lai chi ra lién két hydro Csp—H:~O manh hon so v61 Cgp—H:-N. Cac Kkét qua
trong bang 3.32 ciing chi ra rang cac phirc thé halogen dang C2 kém bén hon so voi
cac phuc tuong tmg dang C1. Phirc bén nhat C2(H-H) ctua cip HCHO---HCN ciing
pht hop v6i két qua thuc nghiém ciia Legon va cac cong sy trong tai liéu [59].

Cac phuc C3(R-X) dugc dong gop bai lién két hydro C—H---N hodc N-H---N.
Do bén cac phirc giam khi di tir dan xuat NH, > Br > Cl = F > CH3. Xu huéng nay
phu hop voi su tang do phan cuc cua lién két cong hoa tri C—H hodc N—H theo thu
tu trt CHz < F < Cl < Br < NH; (bang 3.32 va bang 3.33). Trong dang C3, phuc
C3(NH,-H) bén nhat va phitc C3(CH3-F) kém bén nhét, trong khi d6 ba phiic
C3(Br-H), C3(CI-H), C3(F-H) c6 ning luong bén xap xi nhau. P9 bén 16n cua
C3(NH,-H) do d6 phan cuc 16n hon cua lién két N—H trong NH,CHO so vdi lién
két Cpp—H (-CHO). Phitc C3(CHj3-F) kém bén nhét do lién két hydro yéu C—H---N
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(d6 bazo tai N trong FCN nhé hon so véi trong HCN). Cac khoang céach tiép xtic C—
H---N va N-H---N trong dang C3 ciing hd tro xa hon cho quan sat nay (Hinh 3.17).
Toém lai, cac phic hinh thanh béi tuong tac cia RCHO vé1 FCN bén hon cac
phtic cua RCHO vé1 HCN trong truong hop R = F, Cl, Br, trong khi vé1i R = H,
CHs, NH,, cac phitc RCHO---HCN bén hon cac phic RCHO---FCN tuong tmg. Vi
ca hai kiéu phitc RCHO---HCN va RCHO---FCN, sy thay thé ctia R boi cic nhom
CHs hoic NH, dan t6i ting d6 bén cac phirc hinh thanh trong khi d6 sy thay thé cac
halogen anh huéng khéng dang ké do bén cac phirc khi so sanh véi phtc khong
thay thé. béng chu y, cac két qua dat duogc chi ra do bén cua lién két hydro Cg—
H---O 16n hon so vdi N-H--N va sau do la Cgpp—H---N.
3.7.2. Sw thay doi dé dai lién két C/N—H va tan sé dao déng héa tri ciia chiing
Su thay d6i d6 dai lién két, tan s6 dao dong hoa tri cua lién két C/N—H tham
gia vao lién két hydro C—H---N/O va N-H---N duoc tip hop trong bang 3.34.
Bang 3.34. Su thay dbi d6 dai lién két (A) va tan sé dao dong hoéa tri (cm™) cua lién
két C/N—H tham gia vao lién két hydro trong cac phirc

Phuc Ar(C/N-H)  AW(C/N-H) Phuc Ar(C/N-H)  Av(C/N-H)
-0,0015 23,0 C2(CI-H)  0,0040 -59,2
C1(H-H) ) )
-0,0005 5,9 C2(Br-H)  0,0038 -56,7
C1(F-H) -0,0002 6,2 C2(CHs-H) 0,0101 -151,0
C1(Cl-H)  -0,0005 10,1 C2(NH,-H) 0,0117 -173,0
C1(Br-H)  -0,0005 9,6 C3(F-H) -0,0004 15,2
C1(H-F) -0,0008 12,6 C3(CI-H)  -0,0014 31,5
C1(F-F) -0,0007 13,1 C3(Br-H)  -0,0013 30,6
C1(CI-F)  -0,0004 8,4 C3(CHs-H)  -0,0034 41,9
C1(Br-F)  -0,0019 29,3 -0,0007”  3,7"
C3(NH,-H) 9 9
C1(CHs-F) -0,0030 40,7 0,0046 -36,9
C1(NH,-F) -0,0021 29,3 -0,0032 39,0
C3(CHs-F) . )
C2(H-H) 0,0073 -107,8 -0,0007”  3,7%
C2(F-H) 0,0038 -56,7

Dién kér C5—H7 trong C1(H-H), Ylién kér C4—H9(10) trong C3(CH3-H(F))
va Ylién két N4—H8 trong C3(NH,-H)
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Tat ca céac lién két Cgp—H v Cgps—H tham gia vao lién két hydro C—H---N
trong cac phitc C1(R-X) va C3(R-X) déu rat ngin trong khoang 0,0002-0,0034 A,
tan sé dao dong hoa tri trong Gng ting khoang 3,7-41,9 cm™ khi phirc hinh thanh.
Do d6, tit ci cac lién két hydro Cgyp—H--N va Cqz—H--N trong C1(R-X) va C3(R-
X) déu 1a lién két hydro chuyén doi xanh. Pang chu y, khi phirc hinh thanh, c6 su
rit ngan nhé do dai lién két Cq,—H (0,0005 A) va tang nhe tan s dao dong hoa tri
(5,9 cm™) ctia lién két hydro Cg,—H---O dugc quan sét trong phitc C1(H-H). Theo
két qua nay, lién két hydro Csp—H---O nay duoc phan loai thudc loai lién két hydro
chuyén doi xanh. Két qua nay ciing phu hop v6i két qua cong bd trong tai licu
[119]. Sy rit ngén va chuyén doi tan s6 dao dong hoa tri cia lién két Cgp—H trong
C1(CHg3-F) va C1(NH;-F) 16n hon trong cac phic C1(R-X) con lai, va nhin chung
chung x4p xi nhau véi cac dan xuat thé halogen dang C1 ( trir C1(Br-F)). Diéu nay
cho thay, su thay thé cua mot nguyén tir H trong HCHO boi mot nhom cho electron
nhu CHj, NH; lam ting sy chuyén doi xanh cua lién két Cgy—H tham gia lién két
hydro Cso—H-N, trong khi d6 1am thay d6i khong dang ké su chuyén doi xanh cia
Csp—H trong cac phuc thé halogen dang C1 so véi C1(H-H) va C1(H-F). Nhin
chung, su chuyén doi xanh cua lién két Csp2—H tham gia vao lién két hydro Cgpo—
H---N trong C1(R-H) yéu hon so véi trong C1(R-F), nguyén nhin do d6 bazo pha
khi tai nguyén tir N trong HCN 16n hon trong FCN.

Nguoc lai, trong cac phire C2(R-H) va C3(NH,-H), cac lién két hydro Cop—
H---O va N-H---N 1a cac lién két hydro chuyén doi d6. Khi phire hinh thanh, d6 dai
cac lién két Cg—H va N-H tham gia vao lién két hydro bi kéo dai khoang 0,0038-
0,0117 A, tin sb dao dong hoa trj tuong tmg giam 36,9-173,0 cm™. Su chuyén doi
do cua lién két Csp—H tham gia vao lién két hydro Cgp—H:--O trong phtrc C2(R-H)
16n hon so v&i lién két N—H tham gia vao lién két hydro N—H---N trong C3(NH,-H).
Két qua nay ciing phu hop véi d6 phan cuc cia lién két Csp—H trong HCN 16n hon
50 v6i lién két N-H trong NH,CHO. Sy chuyén doi d6 ciia lién két Cs,—H tham gia
vao lién két hydro Cgp—H---O trong cac phuc C2 ting theo thir tu thay thé F ~ Cl =
Br < H < CH; < NH,, nguyén nhén 1a do d¢ bazo pha khi tai nguyén tor O trong
RCHO tang theo huéng nay. Nhu vay, kiéu lién két hydro va muc do thay do6i do

dai va tan s dao dong hoa tri cua lién két C—H ti 1¢ nghich véi d§ phan cuc cuia lién
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két C—H trong phan tir cho proton va ti 1& nghich v&i do bazo pha khi ciia phan tir
nhan proton trong monome ban dau.
3.7.3. Phan tich SAPT va cdc hop phén ning lwong twong tic

Pé lam rd vai trd cua cac yéu té khac nhau dong gop téi d6 bén tong cong
ctia cac phirc, ning luong tuong tac dugc phan tich thanh cac hop phan khac nhau
bang cach stir dung phuong phap SAPT2+ v6i bd ham co sé aug-cc-pvDZ, cac két
qua duoc lua chon tap hop trong bang 3.35.

Bang 3.35. Cac hop phan cua niang luong SAPT2+ (kJ.mol™) véi bd ham co

s¢ aug-cc-pVDZ

Phirc Eelest Eing Egisp Eewen  OE T ESAPT
C1(H-H) -21,7(50) -8,6(20)  -10,5(24) 26,7 -2,3(5) -16,4
C1(F-H) -18,7(51)  -7,1(19)  -9,1(25) 226 -1,7(5) -14,0

C1(CI-H) -18,8(48) -7,8(20) -10,2(26) 25,2  -2,1(5) -13,7
C1(Br-H) -186(48)  -7,8(20) -10,4(27) 25,6  -2,2(6) -13,4
C1(H-F) -27,0(46)  -15,4(26) -13,8(23) 40,6 -2,7(5) -183
CL1(F-F) -22,4(48)  -11,2(24) -11,5(25) 31,4 -1,8(4) -154
C1(CI-F) -22,3(46) -11,8(24) -12,6(26) 33,6 -2,1(4) -1572
C1(Br-F) -22,2(45)  -11,9(24) -12,9(26) 344 -2,2(5) -148
C1(CHs-F)  -29,4(45) -17,6(27) -15,1(23) 451 -3,0(5) -20,1
C1(NH,-F)  -34,5(46) -21,0(28) -16,1(21) 51,3 -3,3(4) -23,7
C2(H-H) -27,1(56)  -9,7(20) -8,1(17) 26,2 -35(55) -221
C2(F-H) -17,9(55) -6,0(19) -6,3(20) 16,7 -2,0(6) -155
C2(CI-H) -17,6(51)  -7,0(20) -7,6(22) 18,6  -2,3(7) -15,8
C2(Br-H) -16,7(48)  -7,4(21) -8,3(24) 195 -2,3(7) -15,2
C2(CHj3-H) -32,7(55) -12,7(21) -9,7(16) 335 -4,78) -26/4
C2(NH,-H) -39,3(56) -14,5(21) -10,5(15) 38,1 -5,6(8) -31,9
C3(F-H) -18,9(61) -4,6(15) -6,0(19) 154  -1,6(5) -15,7
C3(CI-H) -18,9(58) -5,1(16) -6,7(21) 16,5 -1,8(5) -159
C3(Br-H) -20,5(55) -6,4(17) -8,5(23) 204  -2,2(6) -17,1
C3(CHs-H)  -9,5(51) -2,5(13) -6,3(34) 8,7 -0,5(3) -10,0
C3(NH,-H) -26,0(58) -7,9(18) -8,4(19) 236  -2,56) -21,1
C3(CHs-F)  -8,8(48) -2,4(13) -6,5(36) 8,9 -0,5(3) -9,2
Cdc gid tri trong ngodc don la phan tram dong gop ciia hop phan ndng

lwong vao nang luong lam bén cua phuc
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Véi tat ca 22 phirc, hop phan tinh dién dong vai trd quan trong nhat trong do
bén cac tuong tac axit-bazo Lewis va lién két hydro, khoang 50% trong nang lugng
bén cua phirc. Nhin chung hop phin cam tmg va phan tin dong vai tro nhu nhau va
bang mot nira hop phan tinh dién toi ning lugng twong tac tong cong. Hop phan
cam tmg dong gop khoang 13-28%, hop phan phén tan khoang 15-36%. Nhu vay,
d6 bén cua cac phirc khao sat phu thudc dang ké vao su dong gdp cua ba hop phan
ning luong: tinh dién, cam tmg va phan tan, trong d6 hop phan tinh dién déng gop
vuot troi hon hai hop phan con lai. Hop phan SE™" dong gop t6i do bén phiec it
nhat, chi khoang 3-8%. Cac két qua dé ciing phu hop véi cac nghién ciu trude day
vé su dong gop khac nhau cia cac hop phan ning luong t6i d6 bén phirc [71], [72].
Hop phan tinh dién ting t6i 5% trong khi hop phan cam tng va phan tan giam
khoang 5% trong cac phic C2(R-H) c6 lién két hydro chuyén doi do. Pang luu ¥
rang vai trd cia cac hop phan ning luong khac nhau v6i do bén tong cong clia cac
phirc RCHO---HCN va RCHO---FCN Ia tuong duong nhau.

Mobi quan hé cia ning luong twong tac cua cac phirc gitta phuong phép
SAPT2+/aug-cc-pVDZ va tai mirc CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVDZ
duogc dua ra ¢ hinh 3.18. Nang luong tuong tac cua cac phuc tinh toan theo phuong
phap SAPT2+ am hon mdt chut so voi khi sit dung phuong phdp CCSD(T), va ca
hai phuong phap déu chi ra mdt méi twong quan tét. Chi c6 mot sy khac nho trong
ning luong twong tac ciia hai phwong phéap trong phire C1(H-H) va C1(H-F), c6 thé
do sy danh gia qué cao ctia hgp phan tinh dién trong hai hé d6 khi sir dung phuong
phap SAPT2+/aug-cc-pVDZ.
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Hinh 3.18. Méi quan hé cua nang lugng twong tac gitta phuong phap SAPT2+/aug-
cc-pVDZ va tai CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVDZ trong cac phirc
3.7.4. Méi quan hé giita nang lwong twong tic va mdt dé dong ning, mat dp thé

ndng qua phdn tich AIM

Dé hiéu rd hon su tn tai va d6 bén cua cac twong tac giita cic phén tir trong
cac phirc khao sat, ching ti thuc hién phan tich AIM tai mac 1y thuyét MP2/aug-
cc-pVDZ cho tat ca cac phirc. Cac két qua dugc lya chon tap hop trong bang 3.36.

Cac két qua thu duogc déu x4c nhan sy ton tai céc tuong tac H7--0O3,
H(2,8,9,10)-N6 va O3--C5 trong cac phtrc. Cac gia tri mat do electron p(r) va
Laplacian V*(p(r)) tai cac diém t6i han lién két 1an lwot nim trong khoang 0,0053-
0,0232 au va 0,0161-0,0777 au (bang 3.36). Tat ca cac gia tri nay déu nam trong
giéi han cho sy hinh thanh cac tuong tac yéu. Theo d6, cac twong tac C5—H7-03,
C1-H2--N6, C4-H(9,10)--N6, N4—H8--N6 1a cac lién két hydro trong khi tuong
tac >C1=03---C5 la tuong tac axit-bazo Lewis. Mat khac, tri s6 mat do thé nang tai
BCP cua tit ca cac tiép xac H7--03, H(2,8,9,10)-"N6 déu nhé hon mat d6 dong
nang tuong ung (|V(r)| >|G(r)|) cling 1a minh ching thém cho sy hinh thanh cac
lién két hydro trong cac phirc khao sat [99], [146].
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Biang 3.36. Cac s6 liéu phan tich AIM cua cac phiic tai MP2/aug-cc-pVDZ

, p(r) VA(p(r)) G(r) V()
Phue BCP () (au) (ki.mol™) (kJ.mol™)

H7--03 0,0109 0,0324 18,3 -15,2

Cl(H-H)  03-C5 0,0100 0,0371 19,7 -15,1

H2---N6 0,0075 0,0246 12,9 9,7

03--C5 0,0076 0,0266 13,9 -10,2

CL(F-H) H2---N6 0,0087 0,0288 15,4 11,8

03--C5 0,0079 0,0276 14,4 -10,7

CL(CI-H) H2---N6 0,0096 0,0309 16,8 13,4

03--C5 0,0077 0,0269 14,1 -10,4

CIBr-H) N6 00104 0,0330 18.2 147

03--C5 0,0139 0,0453 25,9 22,0

C1(H-F) H2---N6 0,0128 0,0274 17,3 -16,6

03--C5 0,0113 0,0371 20,5 -16,7

C1(F-F) H2---N6 0,0137 0,0297 18,9 -18,3

03--C5 0,0127 0,0369 21,4 -18,5

C1(CI-F) H2---N6 0,0119 0,0258 16,0 -15,0

03--C5 0,0106 0,0381 20,5 -16,0

C1(Br-F) H2---N6 0,0099 0,0329 17,8 14,1

03--C5 0,0150 0,0502 28,8 24,7

CL(CHs-F) H2---N6 0,0119 0,0296 17,6 -15,8

03--C5 0,0147 0,0516 29,2 -24.6

CL(NH,-F) H2---N6 0,0094 0,0320 17,2 -13,3

C2(H-H)  H7--03 0,0190 0,0607 36,8 -33,7

C2(F-H)  H7--03 0,0146 0,0482 27,7 -23.8

C2(CI-H)  H7--03 0,0152 0,0479 28,0 -24.6

C2(Br-H) H7--03 0,0151 0,0467 27.4 241

C2(CHs-H) H7--03 0,0218 0,0681 42.6 -40,5

C2(NH,-H) H7--03 0,0232 0,0777 48,3 455

C3(F-H)  H2-N6 0,0127 0,0367 21,3 -18,4

C3(CI-H)  H2-N6 0,0140 0,0403 23,8 211

C3(Br-H) H2-N6 0,0150 0,0435 25,9 232

H2---N6 0,0065 0,0219 11,3 8,3

C3(CHa-H) H9(10)- N6  0,0053 0,0161 8,3 -6,0

C3(NH,-H) HS8-N6 0,0169 0,0545 32,3 -28.8

H2---N6 0,0065 0,0220 11,3 8,2

C3(CHa-F) H9(10)-~N6  0,0053 0,0166 8,5 -6,1
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Mbi quan hé gifta ning luong twong tac (AE tai CCSD(T)/aug-cc-
pVTZ//MP2/aug-cc-pVDZ), mat d6 dong ning (G(r)) va mat do thé nang (V(r)) tai
BCP v¢i khoang cach tuong tac (R(H)) cua lién két hydro trong cac phirc C2(R-H)
va C3(R-X) (trir C3(CH3-H), C3(CHs-F)) tai MP2/aug-cc-PVDZ duoc thé hién

trong hinh 3.19. Mi quan hé t6t giita chung dugc tim thay qua cac biéu thic sau:

AE™ = -2,63.10%xp(-2,4607R(H)) (1)
V(r) = -5,61.10%xp(-2,4607R(H)) (2)
G(r) = 6,16.10%xp(-2,4607R(H)) (3)

Trong d6, biéu thirc (2) va (3) thu dugc bang cach ¢ dinh thong sb trong
ham exp theo biéu thirc (1). Hé qua 13, mdi quan hé cua cac dang ning luong thu
duogc theo cac bidu thuc: G(r) ~ -1,10 V(r) va AE™ = 0,47 V(r), két qua nay ciing phu
hop t6t voi cac cong bd trude day cho lién két hydro chuyén doi do [45], [46].

®  Vir)=-561x10" exp(-2.4607R(H))

60 A G(r)=6.16x10" expl-24607R{H))
B AE ey = 2633107 exp(-2.4607R(H))
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Hinh 3.19. Méi quan hé cia AE (CCSD(T)/aug-cc-pVTZ)), V(r) va G(r) véi
R(H) tai mitc MP2/aug-cc-pVDZ
Tir cac két qua thu dugc trong hé nay, ching t6i sitr dung mdi quan hé AE™ ~
0,47V(r) (*) dé tinh ning lugng twong tic ciia mdi twong tic axit-bazo Lewis
(AE(Lewis)) va lién két hydro (AE(H)), dé danh gia vai trd ciia cac tuong tac dong

gdp toi d6 bén cua cac phirc vong. Thém nita, biéu thic AE ~ -0,43G(r) (**) xuit
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phat tr mdi quan hé giita AE™ va G(r) ciing duoc dung dé udce tinh ning lugng cia
mdi twong tac trong cac phitc. Cac két qua tinh toan theo biéu thire (*) va (**) duoc
tap hop trong bang 3.37.

Bang 3.37. Nang luong twong tac (kJ.mol™) cua cac tiép xuc tinh theo biéu

thirc (*) va (**) trong cac phtic

AE" = 0,47V(r) (*) AE" = -0,43G(r) (**)
Phuc AE(Lewis) AE(H) AE(Lewis) AE(H)
(C1=03--C5) (C1-H2--N6) (C1=03--C5) (C1-H2--N6)

7,19 -7,8Y

C1(H-H) 7,1 46 -8,5 56
C1(F-H) -4.,8 -5,6 -6,0 6,6
C1(CI-H) -5,0 -6,3 -6,2 7,2
C1(Br-H) -4,9 -6,9 -6,0 7,8
C1(H-F) -10,3 -7,8 -11,1 7,4
C1(F-F) -7,8 -8,6 -8,8 -8,1
C1(CI-F) -8,7 7,1 -9,2 -6,9
C1(Br-F) -7,5 -6,6 -8,8 7,7
C1(CHs-F) -11,6 7,4 -12,4 -7,6
C1(NH,-F) -11,5 -6,3 -12,6 -7,4
C2(H-H) - -15,8% - -15,8%
C2(F-H) - 11,29 - -11,99
C2(Cl-H) - -11,6% - -12,09
C2(Br-H) - -11,3% - -11,8?
C2(CH3-H) - -19,0% - -18,3?
C2(NH,-H) - 21,49 - -20,8?
C3(F-H) - -8,6 - -9,2
C3(CI-H) - 9,9 - -10,2
C3(Br-H) - -10,9 - 11,1
C3CHH) - Pyt : gt
C3(NH,-H) - -13,5% - -13,99
C3(CHy-F) : _23:5,) : _;’79[))

Ucho lién két hydro C5-H7--03, Pcho lién két hydro C4-H9(10)--N6 va “cho
lién két hydro N4—HS8--N6
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Bang 3.37 cho thiy, ning luong twong tac thu dugc cho mdi tiép xuc xap
xi nhau trong ca biéu thic (*) va (**). Pang chi ¥y, d6 bén cac phuc
RCHO---FCN trong dang C1 duwogc dong gop chinh boi twong tac axit-bazo Lewis
C1=03-C5 trong khi d6 cac phitc RCHO-~HCN dang C1 lai dugc quyét dinh
boi lién két hydro C1-H2:--N6. Ning lugng lién két cua lién két hydro Cgps—
H--N rit nho, chi khoang 3-4 kJ.mol™" nho hon lién két hydro Csp—H-N trong
khoang 4-9 kJ.mol™* va N-H-N khoang 14 kJ.mol™, lién két hydro Cg,~H-O c6
ning luong lién két 16n nhat, khoang 11-21 kd.mol™. Cac lién két hydro déu
thudc loai lién két hydro trung binh va yéu.

3.7.5. Phan tich NBO

Cac két qua duoc lua chon tir phan tich NBO tai muc 1y thuyét MP2/aug-cc-
pVDZ duogc dua ra trong bang 3.38.

Céc gia tri EDT am trong khoang 0,0012-0,0143 e cho cac phtic thé halogen
C1(R-H) va tat ca cac phirc dang C3 cho thdy mat do electron chuyén tir XCN t6i
RCHO khi phirc hinh thanh. Két qua nay chi ra ring su chuyén mét do electron tir
n(N) ctia HCN t6i o*(C—H) cia RCHO 16n hon su chuyén tir obitan n(O) cua
RCHO t6i 6*(C=N) cua XCN d6i véi C1(F-H), C1(CI-H) va C1(Br-H). Cu thé,
giad tri cia Eie(N(N)—> o*(C—H) khoang 3,9-4,3 kl.mol™ 16n hon so véi
Einer(N(0)— 6*(C=N) (khoang 3,1-3,5 kJ.mol™). Chi c¢6 mét sy chuyén mat do
electron tr n(N) cia HCN hoac FCN t6i 6*(C-H) cia RCHO trong C3(R-H) va
C3(CHs-F), dan t6i sy ting 16n mat do dién tich cia RCHO khoang 0,0025-0,0143
e (bang 3.38). Nguoc lai, trong tat ca cac phirec C1(H-H), C1(R-F) va C2(R-H) c6
su chuyén khoang 0,0010-0,0282 e tir RCHO td1 XCN. Mat do electron cuia RCHO
giam trong phitc C1(H-H) va C1(R-F) do sy chuyén mat do electron tir n(03) cta
RCHO t6i 6*(C=N) ctia XCN manh hon sy chuyén tir n(N) caa XCN t6i o*(C—H)
cia RCHO. That vdy, gia tri ciia Eje(n(0)—oc*(C=N)) khoang 7,2-15,1 kJ.mol™
16n hon Ejyer(N(N)—>0*(C-H)) khoang 2,4-4, kJ.mol™.



Biang 3.38. Mot sd két qua phan tich NBO tai mirc MP2/aug-cc-pVDZ

EDT Ac*(C1-H2) A%S(CI(N)) Eine(n(N)— o*(C1-H2))

Phtrc

(e) (e) (%) (kd.mol™)

-0,0021 0,61 0,9(6,1)

CI{H-H) ~ 0.0069 -0,0002? 0,43" 0,3%
C1(F-H) -0,0014  -0,0001 0,61 3,9(3,5)
C1(CI-H) -0,0012  -0,0002 0,68 3,9(3,5)
C1(Br-H) -0,0015  -0,0002 0,75 4,3(3,1)
Cl(H-F) 0,0099  -0,0026 0,65 2,4(12,1)
C1(F-F) 0,0010  -0,0008 0,53 4,1(7,2)
C1(CI-F) 0,0018  -0,0010 0,54 3,9(7,5)
C1(Br-F) 0,0019  -0,0010 0,55 3,7(7,3)
C1(CHs-F) 0,0092  -0,0026 0,65 3,4(12,7)
C1(NH,-F) 0,0098  -0,0024 0,62 3,7(15,1)
C2(H-H) 0,226  0,0165Y 1,03¥ 41,1%
C2(F-H) 0,0154  0,0116% 0,76% 28,2%
C2(CI-H) 10,0193  0,0135Y 0,779 27,77
C2(Br-H) 0,0206  0,0140% 0,75% 26,57
C2(CHs-H) 0,0273  0,0202% 1,18Y 28,5%
C2(NH,-H) 0,0282  0,0210% 1,379 56,2%
C3(F-H) -0,0127  0,0018 1,34 24,6
C3(CI-H) -0,0137  0,0006 1,96 26,2
C3(Br-H) -0,0141  0,0008 2,23 26,9
C3(CHs-H) -0,0025 00027 050 2.9
’ 0% 0,09% 0,6

C3(NH,-H) -0,0143  0,0121” 1,78" 31,8"
C3(CH5-F) -0,0034 00022 0.45 31
0% 0,08 0,6%

Gid tri trong ngodc don ld Einer(N(O)— o*(C=N)); ¥cho lién két C5-HS,

nguyén tir C5 va Einer(N(0) 20*(Csp—H)); eho lién két N4—HS, nguyén tir N4 va
Einter(N(N)>6*(N-H)); Ocho lién két C4—H9(10), nguyén tir C4 va Einer(N(N)—

o*(C4-HI(10)))
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Khi phttc hinh thanh, c6 sy giam mat do cua electron trén obitan ¢*(C—H)
khoang 0,0001-0,0027 ¢ trong cac phuc C1(R-X), C3(CHs-H) va C3(CHs-F),
trong khi d6 c6 su tang mat d6 e trén o*(C—H) khoang 0,0006-0,0210 e trong cac
phtc C2(R-H), C3(F-H), C3(CI-H), C3(Br-H) va C3(NH,-H). Phan trim dic tinh
s ctia nguyén tir C(N) tang khoang 0,08-2,23 % duogc quan sat cho tit ca cac phic.
Do vay, su rat ngan do dai lién két C—H cung véi ting tan sé dao dong hoa tri cta
nod trong cac phirc C1(R-X) la do ca sy giam mat do electron trén ¢*(C—H) va su
ting phan trim dic tinh s ctia nguyén tir C. Véi cac phirc C3(R-X), su chuyén doi
xanh cua lién két C—H duoc quyét dinh bo1 sy tdng ph?m tram dac tinh s cua C vuot
hon su tang nhe mat do electron cua o*(C—H). Nguoc lai, sy tdng 16n ctia mat do
electron trén o*(C—H) va o*(N—H) vuot hon han su ting phan trim dic tinh s caa C
va N 1a nguyén nhéan cho su kéo dai cua lién két C—H, N—H va giam tan s6 dao dong
hoa tri twong tng trong cac phirc C2(R-X) va C3(NH,-H).

NHAN XET

- Qué trinh tbi vu tuong tac cia HCN va FCN véi RCHO (R = Br, CL, F,
NH,, CHs, H) thu dugc 22 phtic bén thudc ba dang hinh hoc khéc nhau la C1, C2
va C3. Nang luong tuong tac cua chung trong khoang tir -6,2 dén -22,6 kJ.mol™
tai CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ. Nhin chung, d6 bén cac phirc
dugc dong goép bai lién két hydro C—H-+O/N, N-H-N va tuong tic axit-bazo
Lewis >C=0---C.

- Cac két qua chi ra rang d6 bén lién két hydro ting theo thtr tu tir Csp—HN
téi N-H-N va t6i Cgp~H--0. Khi R = F, Cl, Br cac phitc RCHO--FCN bén hon céc
phttc RCHO---HCN tuong tng, con khi R=H, CH3, NH; cac phttc RCHO---HCN lai
bén hon cac phirc RCHO-FCN.

- P9 bén phitc RCHO-“FCN dugc dong gop chinh bdi tuong tac axit-bazo
Lewis >C=0---C trong khi lién két hydro Csp—H:-O dong vai tro quyét dinh trong
cac phitc RCHO--HCN. Khi thay thé mot nguyén tir H trong HCHO boi cac nhém
thé khac nhau, d6 bén téng cong cua cac phirc RCHO-XCN giam theo trat tu NH,
>CH3;>H>Br=CI=F.
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- Qua phan tich AIM da thu duoc cac biéu thirc lién hé giita ning luong tuong
tac va mat do dong ning, mat do thé ning trong cac phic: AE™ ~ 0,48V(r) va AE = -
0,44G(r). Theo d6 ning luong lién két cua lién két hydro Copz—HN rat nho, chi
khoang 3-4 kJ.mol™ nho hon lién két hydro Cspo—H-*N trong khodng 4-9 kd.mol™ va
N-H---N khoang 14 kJ.mol™, lién két hydro Cs,—H-O 6 nang lugng lién két thép nhat,
khoang 11-21 kJ.mol™. C4c lién két déu thudc lién két hydro yéu va trung binh.

- Pang chu ¥, phan tich SAPT2+ chi ra hop phan hap dén tinh dién chiém vu
thé so voi hop phan cam tng va phan tan trong viéc lam bén tit ca cac phirc
RCHO--XCN. Nang luong tuong tac ctuia cac phuc theo phuong phap SAPT2+ véi
b6 ham co s& aug-cc-pVDZ phu hop tét voi mic CCSD(T)/aug-cc-
pVTZ//IMP2/aug-cc-pVDZ.

- Khi phtic hinh thanh, su rat ngin do dai lién két C—H va tang tan sé dao
dong hoa tri cua no giam di tr nguyén tir Cgpp t01 Csp. Sur kéo dai 16n hon, giam tan
s6 dao dong héa trj manh hon cua lién két Cs—H so véi lién két N—H tham gia vao
lién két hydro ciing duoc quan sat.

- Céc két qua ciing chi ra d6 bén lién két hydro ti 1& thuan, mic d6 chuyén
doi xanh tan s6 dao dong hoa tri cta lién két tham gia vao lién két hydro ti 1& nghich
v6i d6 phan cuc ctia phan tir cho proton va do bazo pha khi ciia phan tir nhan proton
trong monome ban dau.

3.8. Nghién c@u ciu tric, dd bén va lién két hydro trong twong tic giira
cytosine va guanine

Dé hiéu rd hon cau trdc hinh hoc bén, d6 bén va so sanh vai trd cua céc lién
két hydro C—H--O/N va N-H--O/N trong cic bazo nito, chiing toi khao sat tuong
tac cua cytosine va guanine.
3.8.1. Cdu trac hinh hec va ning lwong twong tdc

CAu trac bén, ky hiéu va khoang cach twong tac (don vi A) ctia cac phuc giita
cytosine va guanine tai mirc 1y thuyét B3LYP/6-311++G(2d,2p) duoc chi ra ¢ hinh

3.20. Nang lugng tuong tac cua cac phuc dugc liét ké ¢ bang 3.39.
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2
Hinh 3.20. Cau truc bén cua phirc trong tac gitra cytosine va guanine

Su hinh thanh phirc gita cytosine va guanine 1a két qua cua su ton tai cac
lién két hydro C/N-H---O/N. That vay, khoang cach twong tac O---H va N---H trong
cac phirc tuong tng trong khoang 1,71-2,27 A va 1,91-3,02 A, hiu hét déu nho hon
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téng ban kinh Van der Waals ctia 2 nguyén tor H va O (2,72 A) va 2 nguyén tir H va
N (2,75 A). Riéng tuong tac N10---H16 & phirc C-G4 ¢ khoang cach 13 3,02 A, hoi
16n hon téng ban kinh Van der Waals cta chung, 1a do su bé tro cua lién két hydro
N14-H29--0O12.

Mit khac, nang lugng tuong tac cua cac phuc thu dugce déu kha am,
trong khoang tir -7,6 dén -23,3 kcal.mol™ khi hiéu chinh ZPE va tir -7,4 dén -
22,7 kcal.mol™ khi hiéu chinh ca ZPE va BSSE, minh ching cac phtrc hinh
thanh cta tvong tac gitta cytosine va guanine rat bén. Két qua thu duogc cho
thay do bén cac phirc giam dan theo thtr tu: C-G7 > C-G5 > C-G6 > C-G2 >
C-G3 > C-G4 > C-G1 (bang 3.39).

Bang 3.39. Nang lugng tuong tac cua cac phtrc gitra cytosine va guanine tai
B3LYP/6-311++G(2d,2p)

Phtic AE (kcal.mol™) AE” (kcal.mol™)
C-G1 7,6 7.4
C-G2 -11,3 -10,9
C-G3 -10,2 -10,1
C-G4 9,2 -8,8
C-G5 -20,8 -20,3
C-G6 -12,5 -12,1
C-G7 -23,3 -22,7

Pé danh gia anh hudng cia do phan cuc lién két N—H, C—H va d0 bazo tai
nguyén tir O/N trong cac monome dén bd bén cua twong tac ciing nhu do bén cua
phtc hinh thanh, chiing t6i tinh enthalpy tach proton cia lién két N-H, C-H (DPE,
kcal.mol™) va 4i luc proton tai nguyén tir O/N (PA(O/N), kcal.mol™) tai muc Iy
thuyét B3LYP/6-311++G(2d,2p), va cac két qua chi ra & bang 3.40.
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Bang 3.40. Két qua phan tich DPE va PA (kcal.mol™) tai B3LYP/6-311++G(2d,2p)

Phirc Lién két DPE(C/N-H) PA(O/N)
C2-H3---N17 370,2 229,9
C-G1
N1-H13---020 346,2 216,4
N1-H13---N17 346,2 229,9
C-G2
C15-H16.--012 379,1 2214
N7-H8---N17 354,1 229,9
C-G3
C15-H16---N10 379,1 228,6
C15-H16---N10 379,1 228,6
C-G4
N14-H29.--012 337,1 2214
N21-H22.--012 339,3 2214
C-G5
N1-H13---020 346,2 216,4
N1-H13.---N27 346,2 213,1
C-G6
N14-H29..-012 337,1 2214
N24-H25..-012 338,8 221,4
C-G7 N21-H22---N10 339,3 228,6
N7-H8---020 354,1 216,4

Tir két qua & bang 3.40, gia tri DPE cua cac lién két N—H nho hon rat nhiéu
so v6i lién két C—H. Piéu nay duoc giai thich do nguyén tir N ¢6 do am dién 16n
hon nhiéu so v6i nguyén tir C nén d6 phan cyuc cua lién két N-H manh hon. Ddng
thoi két qua nay ciing chimg minh lién két hydro N—H---O/N quyét dinh do bén cua
phtc so vai lién két hydro C—H---O/N khi hinh thanh phirc. Gia tri PA tai nguyén tir
O/N giam dan theo thir tw N17 > N10 > 012 > 020 > N27 ¢6 nghia la kha ning
nhan proton tai cac nguyén tir nay ciing giam dan.

Do phan cuc cua lién két C15-H16 nho hon C2-H3, con do phan cuc cua
lién két N-H giam dan theo thir tuy N24-H25 dén N14-H29 dén N21-H22 dén N1—
H13 dén N7-HS8. Do vay phttc C-G7 bén nhét va phitc C-G1 kém bén nhat
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3.8.2. Sw thay déi d¢ dai lién két, tan sé dao dong héa tri ciia lién két C—-H, N-H
va phan tich NBO

Dé phan loai lién két hydro trong cac phtic va hiéu rd hon ban chét cua sy hinh
thanh twong tac, chung t6i xem xét sy thay doi do dai lién két, tan sé dao dong hoéa tri
cta lién két C—H, N-H trong céac phirc so vd1 monome va thyc hi¢n phan tich NBO tai
cung murc Iy thuyét B3LYP/6-311++G(2d,2p), két qua dua ra trong bang 3.41.

Bang 3.41. Su thay d6i do dai lién két (Ar), tan s6 dao dong hoéa tri (Av) caa

lién két C—H, N—H va phan tich NBO ctia cac phirc

Ar(C/N-H) Av(C/N-H) EDT Einter)

Phirc  Lién két hydro

(A) (cm™) (e)  (kcal.mol™)
C2-H3--N17  0,0016 -13,5 2,0
C-G1 -0,020
N1-H13--020  0,0070 -106,6 6,5
N1-H13--N17  0,0200 -369,8 16,7
C-G2 -0,030
C15-H16--012  0,0024 -17,3 2,6
N7-H8--N17  0,0170 -318,6 13,2
C-G3 -0,020
C15-H16--N10  0,0023 -18,7 2,5
C15-H16--N10  -0,0009 10,7 0,4
C-G4 0,035
N14-H29--012  0,0163 -284,3 13,9
N21-H22.-012  0,0277 -544,7 29,6
C-G5 0,007
N1-H13--020  0,0289 -505,0 24,4
N1-H13--N27  0,0175 -319,7 13,1
C-G6 0,010
N14-H29.-012  0,0246 -441,0 21,7
N24-H25.-012  0,0107 -232,4 12,8
C-G7 N21-H22.-N10  0,0195 -371,7 0,018 20,0
N7-H8---020 0,0265 -506,8 24,8

INding luong twong tdc siéu lién hop ngoai phdn tir chuyén electron tir
n(O/N) — o*(C/N-H)

Két qua bang 3.41 cho thiy, hiu nhu cac gia tri Ar(C/N-H) duong trong
khoang 0,0016-0,0289 A va Av(C/N-H) am trong khoang 13,5-544,7 cm™, chung t6
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khi hinh thanh phuc 1am tang do dai va giam tan s6 dao dong hoa tri lién két C—H
va N-H, do d6 lién két hydro C/N-H---O/N trong cac phirc trén 1a lién két hydro
chuyén doi do. Pang cht y, su chuyén doi do cia N-H trong lién két hydro N—
H---O/N 16n hon rat nhiéu véi so véi C—H trong C—H---O/N (bang 3.41). Piéu nay
do cac lién két cong hoa tr1 N-H phan cuc hon rat nhiéu so v6i C—H nhu di thao
luan & trén. Trai lai, lién két hydro chuyén doi xanh C15-H16---N10 duogc phat hién
trong phitc C-G4 véi Ar(C—H) = -0,0009 A va Av(C-H) = 10,7 cm™.

Tir két qua ¢ bang 3.41 cho thiy ning lugng twong tac siéu lién hop ngoai
phan tir cia sy chuyén mat do electron tir n(O/N) dén 6*(C/N—H) cua lién két hydro
N—H---O/N vuot troi so v6i lién két hydro C—H---O/N, nén mét 1an nita minh ching
rang lién két hydro N-H---O/N bén hon, dong vai trd quyét dinh so voi lién két
hydro C—H---O/N trong viéc lam bén cac phtrc twong tac giita cytosine va guanine.
Mit khac khi hinh thanh phtic ¢6 sy chuyén electron tir guanine sang cytosine
(khoang 0,020 e dén 0,030 e) trong cac phirc C-G1, C-G2 va C-G3; con trong cac
phtc C-G4, C-G5, C-G6 va C-G7 c¢6 sy chuyén electron nguoc lai tir cytosine sang
guanine (khoang 0,007 ¢ dén 0,035 ¢).

3.8.3. Phén tich SAPT

DPé xem xét cac hop phan ning luong khac nhau dong gop t6i do bén cac
phuc, chiing t6i tién hanh phan tich SAPT2+ véi bo ham co sé 6-311++G(d,p), c4c
két qua nhu chi ra & bang 3.42.

Bang 3.42. Két qua phan tich SAPT2+ (kcal.mol™)

Phtic Eelest Edisp Eing Eexch = BT
C-Gl1 -11,9(554) -3,7(17,4) -46(21,4) 101 -13(58) -114
C-G2 -215(52,4) -59(143) -10,6(259) 232 -31(74) -178
C-G3  -19,0(51,9) -56(154) -93(254) 20,7 -2,7(73) -159
C-G4 -126(49,1) -41(159) -69(269) 142 -21(81) -114
C-G5 -356(45,6) -9,8(12,6) -252(322) 513 -75(9,6) -268
C-G6 -26,0(47,4) -80(145) -16,1(29,3) 352 -49(89) -19,7
C-G7 -39,3(49,0) -11,1(13,8) -249(31,0) 521 -50(62) -282

Gid tri trong dau ngodc don () la phan tram déng gop vao ndng lwong lam bén phirc
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Tir bang 3.42 thay rang, d6 bén cac tuong tac hinh thanh trong cac phirc duoc
dong gbép chinh bdi hop phén nang luong tinh dién Eges (khodng 50%). Céac hop
phan cam tmg va phan tan dong gop khoang 40% vao viéc 1am bén phirc, trong d6
hop phan cam tng déng gop nhiéu hon. Ning luong trao ddi (Eeyen) ¢ gia tri duong
kha 16n (trong khoang 10,1 dén 52,1 kcal.mol™), nén lam giam dang ké d6 bén cac
phtc va dan dén ning lugng tuong tac tong cla cic phirc giam dang ké. Pang chu

¥, nang luong tuong tac tinh theo SAPT2+ (E3*°7

) ¢6 gia tri am hon, tuy nhién,
chiéu hudng bién ddi ning luong tuong tac phu hop voi ning luong tinh theo mirc
ly thuyét B3LYP/6-311++G(2d,2p) (bang 3.39 va bang 3.42). P6 phan cyc manh
ctia lién két N-H va d6 bazo pha khi 16n ctia nguyén tr O va N trong cac monome
cytosine va guanine 12 nguyén nhan dan dén sy chiém wu thé ctia hop phan tinh dién
so voi cac hop phan ning luong khac trong viéc 1am bén céc phirc.

3.8.4. Phan tich AIM

Dé khang dinh su ton tai lién két hydro trong phirc khao sat, chung t6i tién
hanh phén tich AIM tai cung muc 1y thuyét, két qua nhu ¢ hinh 3.21 va bang 3.43.
Cac két qua déu khang dinh sy ton tai cua cac lién két hydro N-H-O/N va C—
H-+-O/N trong tit ca cac phic.

Két qua bang 3.43 cho thy, gia tri H(r) tai BCP cua N1-H13---N17 trong
phuc C-G2, N21-H22.--012, N1-H13.--020 trong phuc C-G5, N14-H29---012
trong phirc C-G6 va N24-H25---012, N21-H22---N10 trong phic C-G7 ¢6 gia tri
am (tir -0,0010 dén -0,0042 au). PBiéu nay duoc giai thich do mat do electron tai
BCP d6 16n (tir 0,0323 dén 0,0458 au), dan dén gia trj V(r) chiém wu thé hon G(r)
va lam cho gia tri H(r) 4m. Cac gia trj H(r) con lai déu duong. Mat khéc, Vp(r) tai
BCP cua cac phiic déu duong (tir 0,0122 dén 0,1231 au), nén mot lan nita khang
dinh tuong tac gitta hai phan tir trong cac phirc 1a lién két hydro. Bang 3.43 ciing
cho thiy, ning luong lién két hydro N—H---O/N khoang 4,7-12,3 kcal.mol™ 16n hon
rat nhidu so lién két hydro C—H---O/N (0,6-2,7 kcal.mol™). Nhu vay, lién két hydro
N—H---O/N bén hon va dong gop nhiéu hon vao do bén ctia phiic so voi lién két

hydro C—H---O/N.
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Hinh 3.21. Hinh hoc topo ciia cac phirc bén giira cytosine va guanine tai
B3LYP/6-311++G(2d,2p)
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Bang 3.43. Cac thong sb phan tich AIM cua cac phirc tai B3LYP/6-311++G(2d,2p)

Phite BCP pr) V() H() G(r) V(r) S
(au) (au) (au) (au) (au)  (kcal.mol™)
H3--N17 0,0088 10,0254 0,0010 0,0054 -0,0044 -1,4
«e H13--020 0,0205 0,0759 0,0021 0,0169 -0,0148 -4,7
H13--N17 0,0323 10,0833 -0,0010 0,0218 -0,0228 7.1
«e H16--012 0,0139 0,0480 0,0016 0,0104 -0,0087 2,7
H8--N17 0,0280 10,0756 0,0001 0,0188 -0,0187 -5,9
©es H16--N10 0,0128 0,0395 0,0016 0,0083 -0,0066 2,1
H16--N10 0,0043 0,0122 0,0005 0,0026 -0,0021 -0,6
e H29--012 0,0290 0,0916 0,0005 0,0224 -0,0220 -6,9
H22--012 0,0458 0,1231 -0,0042 0,0350 -0,0393 -12,3
©e H13--020 0,0406 0,1107 -0,0027 0,0304 -0,0331 -10,4
H13--N27 0,0265 0,0691 0,0002 0,0171 -0,0169 -5,3
e H29--012 0,0382 10,1131 -0,0016 0,0298 -0,0314 -9,9
H25.-012 0,0381 0,1097 -0,0017 0,0292 -0,0309 -8,4
C-G7 H22--N10 0,0327 0,0791 -0,0015 0,0212 -0,0227 -6,2
H8--020 10,0266 0,0841 0,0007 0,0203 -0,0196 -5,3
NHAN XET

- Cac phirc thu dugc rat bén véi nang lugng tuwong tac tir -7,4 dén -22,7

kcal.mol™ khi hiéu chinh ca ZPE va BSSE. Do bén cua cac phirc giam dan theo thir
tu C-G7 > C-G5 > C-G6 > C-G2 > C-G3 > C-G4 > C-G1 va dugc dong gop chu
yéu boi lién két hydro N-H---O/N hon 1a C-H--O/N,

- Két qua phan tich SAPT2+ cho thay, do bén cac phirc duoc dong gop chinh

boi hop phan ning luong tinh dién (khoang 50%), phan con lai do ning luong cam

ung, phan tan, cam Ung va cam tng-trao doi bac cao.
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- Tét ca lién két hydro N-H-O/N thudc loai lién két hydro chuyén doi do
manh do d§ phan cyc manh cua lién két N—-H trong monome ban dau, trong khi lién
két hydro C—H--O/N ciing thudc loai lién két hydro chuyén doi o nhung yéu hon
do lién két C-H kém phan cuc hon lién két N—H; ngoai trir lién két hydro C—H--N
chuyén doi xanh yéu dugc phét hién ¢ phirc C-G4.
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KET LUAN

Tir két qua khao sat cua 8 hé gdm 134 phirc bén tai cac muc 1y thuyét cao va
dang tin cdy, chung t6i rat ra mot s6 diém ndi bat sau day:

1. Pa phat hién cac lién két hydro chuyén doi xanh C—H-~-O/N va chuyén
doi d6 O-H--O/N, N-H--O/N va C—H---O/N trong cac hé phirc nghién ctru. Su co
miat va do bén cia chung con dugc nghién ctru, danh gia trong hé twong tac cua
cytosine voi guanine. Cac tuong tic yéu nhu tuong tac chalcogen-chalcogen, p-+m*,
m* va tuong tac axit-bazo Lewis ciing dugc tim thiy trong mot sé hé twong tac.
bang chu y, su dong gop cua tuong tac m---m* téi sy hinh thanh phirc ctiia cac phan
tir wra CO, va CO, duogc phat hién 1an dau tién trong hé phirc cua ethylene véi CO,.
Phat hién su ton tai lién két hydro chuyén doi xanh C—H--O trong céc phtic giita
methanol va ethanol véi CO, - chua timg duoc cong bd trude day.

2. Muic d6 rut ngin lién két va ting tin s6 dao dong hoa tri cua lién két C—H
tham gia vao lién két hydro C—H---O/N ti 18 nghich véi d6 phan cuc cua lién két C—
H va do bazo pha khi ctia nguyén tir O/N trong monome ban ddu, va phu thudc it
vao dang hinh hoc cua phirc. Sy chuyén doi do & cac lién két hydro O—H--O/N, N—
H--N/O va C-H-~O/N do ban chét tinh di¢n va mic do chuyén doi d6 ti 1¢ thuan
v6i d6 phan cuc lién két O/N/C—H va d6 bazo ciia nguyén tir O/N trong cac phan tir
cho va nhén proton twong tmg ban dau.

3. Di xac dinh dugc lién két hydro C—H---O/N thudc loai yéu vO1 nang
lugng bén hoa khoang 3-11 kJ.mol™ va N-H-O/N thudc loai trung binh véi
ning lugng bén hoa khoang 14-50 kJ.mol™. Pang chu ¥, lién két hydro chuyén
ddi do Cg—H-++O v&i nang lugng bén héa 1én téi 21 kJ.mol™, thudc loai lién két
hydro trung binh, dugc phat hién trong hé phirc twong tac cua cac carbonyl va
cyanide. Nhu vay, nhin chung lién két hydro N—H--O/N bén hon so véi lién két
hydro C—H---O/N.

4. Pbi voi cac monome C,HzX, XCH=CHX, XCH,OH, CH;SZCHR,,
CH3;COCHR,, XNHCHO, RCHO, XCN, khi X dugc thay thé bang cac halogen (F,
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Cl, Br), d6 bén cac phtic thu dugc hau nhu thay doi khong dang ké; tuy nhién do
bén cac phirc ting khi X dugc thay thé bang cac nhém thé CH; va NH, so véi cac
phtrc trong tng khi X [a H.

5. Céc hop phan ning lugng dong gop vao do bén twong tac va do bén phirc
dugc phan tich chi tiét theo phuong phap SAPT2+ cho thdy d6 bén cac phirc duoc
dong gop chil yéu boi ba hop phan ning luong: tinh dién, cam tmg va phan tan,
trong d6 hop phan tinh dién dong vai trd quan trong hon, hai hop phan cam tng va
phan tan dong vai tro tuong duong nhau.

6. Cac tuong tac axit-bazo Lewis >C=0.--C, C-X.-C, 0=C:-O hay
>S=Z---C (Z= O, S) duogc hinh thanh trong cac h¢ phuc do co su chuyén mat do
electron siéu lién hop ngoai phén tir tir obitan n(0/S/X) dén n*(C=0/N). Céc tuong
tac chalcogen-chalcogen Z=S---O (Z= O, S) hinh thanh trong hé nghién ctru do su
chuyén mat do electron tir n(O) sang obitan n*(Z=S). Dic biét cac tuwong tac p---m*
va - hinh thanh trong hé phtc véi CO, do sy chuyén mat do electron tir n(O)
dén 1*(C=0), su chuyén qua lai giita cac obitan n(C=C) va n(C=0) va dong gbp

dang ké vao do bén phic.



KIEN NGHI VE NHUNG NGHIEN CUU TIEP THEO

Viéc tim hiéu ban chit lién két hydro, ban chit cac tuong tic yéu va anh
huong qua lai giita chung 1a thyc sy can thiét va doi hoi nhiéu thoi gian. Vi vay,
hudng phat trién tiép theo 1a di vao chi tiét cac hé cu thé mot cach co hé thdng, tir
d6 rat ra duge quy luat tong quat nhat.

1. M6 rong nghién ctru mbi quan hé gitra mirc d6 chuyén doi xanh cua lién két
X—H trong lién két hydro X—H---Y dya vao d¢ phan cuc (DPE) cua lién két X—H, do
bazo (PA) ctia Y. Cuy thé 1a mdi quan hé giita mirc do chuyén doi xanh véi ti sb
DPE/PA.

2. Hudng vao nghién lién két hydro trong cac bazo nito, ADN, ARN, protein.

3. M6 rong huéng nghién ctru dbi véi lién két halogen, lién két chacolgen,
tuong tac m-m va mot sb twong tic yéu khac dé tim hiéu ban chit, do bén va vai tro
ctia chiing trong hoa hoc, vét 1y, sinh hoc. Nghién ctru cac yéu t6 anh huéng gdm

nhiét dg, ap suat... dén cac loai twong tac yéu.
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.1341560243, 3.

-2.36845453009,

.2789734414, 2
. 6452373619, 1
.2577130079, 1
.5281065178, 1
.1802970931,
.2594438077,
.8908948207,
.2505354582, 1.
.0807311521, 3.

BN

.2748128413, 2
.6931721681, 1
.2397328799, 1
.5624360068, 1
.1822955434,
.2497780407,
.8750211421,
.2858754999, 2.
.1415897717, 3.

.3157973669, 2.
.4945874683, 1.
.218396965, 1.
.3552684271, 1.
.72399958717, 3.
.206710901¢6, 3.
.2655784431, 2.
.6985882153, 2.
.1764256194, 3.

.3205324544, 2.
.4022712614,0.
.12973781, 1.
.1953245538, 1.
.8828019672, 3.
.5159033191, 3.
.2721141623, 2.
.1109054209, 2.
.2825483213, 2.

.3182680022, 2.
.3885810465,0.
.1066770299,1.
.1656014421,1.

.0927567403,
.3524319735,
.8404259837,
.6459607077,
.182646593, -
.9307833429,
.457393132,
7360925727,

O O OO oo

-1

.1096565673,
.2799398342,
.748083826,
.6141957323,
.2224135881, -
.9215736011,
.5450321924,
0392891896,

O O OO oo

-1

.1099414103,
.258800825¢,
.7263433564,
.6081733631,
.2375408335, -
.9229042006,

OO OO oo

1539227759, 0.
042365839, 0.

9228840001, O.
2889327116, -0
0254831492, -2
3109966929, -3
7452841001, -1
4502126465, -1

1508441862, 0.

9864647979, 0.
9545177028, 0.
1919175209, -0
0013545293, -2
4718772298, -3
5310150454, -1
7079319839, -1
9918896536, 0.
1362469545, O
9703493073, O
9441468473, O
1754235571, -0

0.8322611091,

1599254599, O.

.0942167692
.8081248871
.4785860213
.5692075731
.3486614994
.0261111417
-0.
.2540573961

7270934356

1302802087

.197060921
.7606686322
.5141712473
.531539665
.3498908563
.0252993663
-0.
.6177863394
1546246023, O.

7303485879

4460002219

.232295646
.7447925403
.5255713031
.5282274719
.3440098177
.0179488653
.5736448526, -0.
1437879848, -1.
1438133165, O.

7112163052
7427951646
5258997309

0243398188
061157525
5736034026

.2886096179
.7173416354
.7217296886
.7149076364
.2919678933
0477307346, 0.

3969547052

1719953864
0162040362
8589094129

.4881877535
.7840411526
.7849113277
.7818940429
.3800578592

4934822805

.2053921632
.0090613106
.9167971538
.5202417436

-0.10428333



14

14

14
rl

T W O ON

14

O NP

.92972060441, 3.
.6222648383, 3.
.2606461906, 2.
.2497340791, 2.
.2976528495, 2.

3. Toa do hinh hgc ciia cac phirc twong tac giira CH;SZCHX, (Z2=0, S; X =

H, CH;, F, Cl, Br)
T1 (Z=0)
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, -2.
T2 (Z=0)
-0.
-0.

-0

-0.

.7282421288,-0
.835817638,
.7125129222,-0
.5265166171, -0

-1

0046979035,
499997634,

5086023895,
7710947136,
9772533433,

.72094598¢64,

0.

.2158163413,
2847626991,
3143103724,
.0557839432,
.1309813158,
.0875958082,
.4914752089,
.0697269619,
9591626152,

1980509503,
1949725294,
.8192306072,
.7626091732,
.9277533939,
.5147049015,
.3264348084,
.0968216562,
.0272769588,
.2103926472,
.7882366391,
.3830410099,
.2122335768,

(z=0)

.0167712914,
0161490993,
.9999903286¢,
.5724963522,
.7657140265,
.3452158213,
.1533999071,
.9347767192,
.8524679191,
.0506811075,
.3526697456,
.201991489,

.9126807113,

S)

.8857124887,
.0181413044,
.1256056563,
.4813345026,
.1857140876,
.1694501776,

1

1.

1
2

-0.
-0.
0.
1.
-0.

-0.
0.

-0

-1.

SwbhhNONRE PR

| O |
P OO OO

WkFEkEMNMDNMNONDRE R

.6967219935, -0.
.8196584642, 1.
.250923143

.0617629834, -0

.4556560942, 0.
9865076668, 0.
.1787963761, 1.
.059321884, O.
-0.
.2002106373
-0.
.3858786255
.3299498683

0613489226,
9313156277, 0
0529624635,
0859365892, -0
9548790961, 0

0861739375, 1
.2131364821, -0
0164096831,
.3026657826,

.0878179437,
.3142409349,
.5170106885,
.239805147,
.5608130323,
.9512893646, -1
.0014993375,

.0078681917,
.8354769934,
.5549972741,
.3051985922, 0

.2002805914,
.4440184328, -
.6538400149,
.7328242942,
.709745981¢,
.7518410588,

N w DO OO

.2458238472,
.0666455402,

.5720725101, O.
.6968645016

.6107092978,

.4671228759, 0.
.8187455712, O.

1179583527, O.
.2153465619
.2142786722
-0.
-0.
.2432377712, 0.
.3385570096, 1.
-0.
-0.
-0.
-2.
-2.
.2309555567

-0.
.0286497538, 1.
-0.
-0.
-0.
.2948283486
.1707523234, 1.
.1298863376
.1313647902
.1927907653
.912621299
.0601881837
.8228487771

.7856816685
.7945070683
.7748556723
.4347558074
.5002903124

0787632501
3816208373
1601000776

5264374295
3649073214
5721759391
1937003495
4543578714

0259413955

1487469833

0847941175
700141504

1654816691
2307434888
1859905006
0684349612
1674138921
0546711441
9185428046

0125332619
0725026085
389514628

4323278253
5524517974

3546260785

.392692082
.0875205821

6140780085

8459434029
9748498536
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.544488533,
.8297564607,
.1324195004,
.1747619047, -
.6463107364,
.0017805459,
.3221713337, -

= S)

Or O OoONH-

.033543582, -0.

.0993362584, -0

.0056955674, -0.
.5647101533, -0.

.7455257242, 1
.388362198¢6,
.2741648901,
.9454399829,
.8705265236,
.9136562909,
.4009931207,
.4345669981,
.1326178076,
= 8)

.0046364349,
.1078743629,
.9666133218,
.5696751097,
.8719436198,
.358804140¢6,
.0638065032,
.9750009549,
.8790388606,
.3398659567,
.2378631559,
.91763294¢64,
.1236382802,

X =F
.0098813633, -1

N DO DNRE R

[ |
P OO OO

W wkEkrNhODND -

.0998955189, -2.
.5711765873,-1.
.9760109372, -0.
.9692750104, O.

.2619530377, 1

.6826470925, 1.

.2360620002, 1

.8811341589, -0.

.4945433485, -1
.7728615681, O

.1805844619, 1.
.3965443279,-0.

X=2cC1
.4756410047,
.3678153263,
.0978382119,
.5087442947, 1
.7818942272,-0
.1335502913, -1
.3743836976, -1

N e

.0058527159,
.2792596589,
.19737138¢61,
.3653143054,
.3192682757,
.2855142043,
.6190367829,

0616316793,
.2016470745,
0279823673,
8369357431,
.5510058407,
.250185302,

.0099014968,
.1731072087,
.4475831787,
.8162372116,
.0560371032,
.5988773459,
.8541923202,

.0062723285,
.1601458763,
.0474227713,
.9102326595,
.4112749135,
.31486117,

.3788697308,
.1645686033,
.3857573434,
.6607011179,
.6404874191,
.6705660827,
.0420624749,

.3632584781,
4398220596,
098920804,

8903808994,
9584615028,
.5093648292,
1534871696,
.3901322222,
8470272725,
.2976086981,
.2763463542,
1966433429,
6149542091,

.8794574735,
.9581782424,
.4990716239,
.596786186,

.5616915889,
.0830946981,
.1109923222,

O W wwo o

O OO

.7604957451
.5190391546
.4407288092
.374259686

.1688848634
.3301598109
.0132492016

.0126283713
.0867744925
.2922658836
.5330293174
.3950796767
.3008653759
.3529801722
.1913651985
.2507903377
.7006485555
.4291648896
.0068805477
.8480868057

.0301300884
.0356610876
.5087610639
.2414771461
.7461910388
.2806270575
.3223294274
.0115437555
.0633657443
.1222450498
.0828807857
.2058922158
.1371022909

.6952582794
.6048143276
.6504994418
.5482491377
.1815014419
.7901643307
.123331295

.4202286812
.6167160271
.2187552731
.0108078126
.4090746953
.4315451553

.7896975782
.7499228934
.7322875878
.6190413476
.2699038334
.9605234359

3619599649
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.4694558589,
.4265913311,
.9852403192,
.987123783,

.2774592885,
.7216948529,

X = Br

.7326960098,
.4925991659,
.3214177147,
.8042922197,
.4290058421,
.0894051399,
.1181616652,
.3277666263,
.1061260209,
.5686075143,
.2929638911,
.4464821¢616,
.1595661856,

X=CH3

9819502715,
.8435745158,
.8323283571,
.9671552958,
.0649061466,
.2580493582,
694694002,
6053644803,
8468689728,
9234606116,
.8335693997,
.7937297618,
.0346625827,
4047925406,
.49794118,
.5061524937,
2322063665,
255439561,
4769541394,

X=F

.3094719364,
.23004982009,
.6032834639,
.9843353519,
.08888594¢6,
.1704971696,
.7999586138,
.8569150224,
.643099952,
.462536512,
.9118206678,
.056910113,
.7844059841,

X=2C1

.8687781678,
.7183536709,

.7632998927,
.7484299375,
.9960247729,
.6583257048,
.0546616741,
.2750386446,
.4021210423,
.0559403077,
.6624666919,
.5804338923, 0
.156382807,
.3994662883,
.0602108719,

.15540810091,
.0522653417,
.4060948402, 0.
.4414275222,
.0162599276, O.
.5058859941, 0.
.6493299706, 1.
.8461918208,
.448220217¢,
.6161502577, O.
.6187571434,
.3786344584,
.1120400265, O.

.8886380638, -0
.2480743156, -0
.4688971514, -0
.4684307107, -0
.1270237676, -0
.1582061584, 0

|
OO oOrOoORFENNDE

.6810250522, 0.
.7176728163,
.5757411827, 1.
3425052403,
.9262121594,
.4933379896,
.7542807393,
.1822026711,
.3836430988, 0
.004645392, 1.
.044800835, 1.
.5855386657, 1.
.4726100716, 1.
.4198403591,
.488146587,
.2548636982,
.9275315025,
.3601346607,
.5591808577, O.

.765013363, 0.
.8117640697, O.

-0.
-1.

-1.

-0.
-0.

-0.
-0.

.7201886332
.5353783052
.0877806244
.3177664333
.9790139641
.3364318577

.6743290687
.0604790094
.321512161

.5449055369
.3800135308
.3031151516
.891351349

.7604548412
.0807963783
.3920805642
.9595145828
.7335912205
.2096327406

1204128029
.1672320997
1895373103
.1856845452
.1088192034
.5721286349
.7508549017
.1109121288
.2578095167
4001834922
7062725948
900728654

7304404309
.6347697829
.4517467282
.705858246

.1286356885
.0080449537
5334244411

7172783072
3201863363
2946465974
1796573779
3706898095
6712594336
4517111234
3788964681
6738869719
5038044631
1522010582
4132112474
1012863398

3328592545
0941001974
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.9480373789,
.7279900808,
.8576750327,
.0301704156,
.3090236804,
.1425430965,
.3715876865,
.0782853954,
.0427511367,
.0588084853,
.0384373614,

X = Br

.0727759826,
9129958634,
.6819621948,
.1205492376,
.5073510481,
.1188379666,
0843094044,
.357027983,

.0997065734,
.8000881014,
2355488661,
2631194529,
2165199004,

X=CH3

.3050304465,
.136501045¢6,
.2952717553,
.2334209639,
.3640890328,
.44520320009,
.9068509635,
.6689757701,
.4512247144,
.6337458978,
.6409066141,
.6041858393,
.8582920511,
.504576797,
.6673426601,
.28491311,
.4339293594,
.4495261447,
.4692619479,

4. Toa d9 hinh hoc cua cac phirc twong tac gitta CH;COCHR; (R = H, CHg, F,
Cl, Br) véi CO;, va XCN (X=F, CI, Br)

.7732334276,
.6363755491,
.3460198473,
.3460198473,
.4526593608,
.9900740293,
.44188601134,-1
.9900740293,

-1.

[ [ I |
OPrRroOrorrEFEDN

RPORFRrNMNRPE OONRE

(@}

0

-1.
-1.

-1.

. 6326156722,
.3693461625, -
.8079642641,
.3936971444,
.0043044584,
.3418580048,
.9285455411,
.4655314126,
.5854867675,
.106774817,
.089214765,

.2320857648,
.30450591,
.7964276898,
.9972995301,
.1922574057,
.6846909426,
.9681620657,
.4673565339,
.607097259,
.8258329037,
.04707884¢69,
.4276102823,
.6920509803,

6646045843,
.6898417429,
.604202101,
.2938350518,
.9754323629,
.5078362153,
.7207229261,
.3016054336¢,
.5991485582,
.0512863047,
.0944658631,
.6265864613,
.531543228¢,
.4988931567, -
.5516524321, -
.4065353188,
.9737687943,
.1021591495,
.1257187742,

0.8131659175,
1.

0.5124411104,
.5124411104,

8879613735,

3916340089,
7528573586,

.7812337857,

7528573586,

OO NNNMNREPERPODODOOORr OO

R O O o+

0

1

.4055355513
.1991472455
.2169713994
.0248592329
.9120845067
0.
.2383378731
.0025739463
0.
.2026728955
0.

8931338177

8331849722

4834102844

.9159471555
.9136976458
.8286853901
.7590475611
.3116184061
.0427288193
.4038579644
.8322110443
.4723727427
.0448346762
.9033151503
.435834155

.3806510755

.3847351134
.0757944475
.4667302848
.0400895006
.2894641817
.0510510798
.2727350415
.8276550988
.2803703693
.7783439767
.0880879809
.0262565885
.3366940294
.5704409177
.3478429342

-1.6312979985

—O.

O

0.
0.
0.
-0.
0.
0.
0.
0.

3590717713
.6253436203
9623586281

8754499312
8754499312

8751559249

8751559249
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.371104804,
.6769233411, 1
.1002566526, -1
.3861822667, O.
.4322925226, 0.

.9522433421,
.5919508953,
.5706459445,
.5706459445, 1
.1212538009, -0
.8774190507, -0
.2347128414, -1
.8774190507, -0
.8824406075, -0

-0

.3171763969, -1
.6504513438,-2.
.9678371777,-1
.9580535379, -1
.3098668522, 1
.9505201218, 1
.6382942758, 2.
.9603355756, 1
.5061462734,-0.
.5151903298, -0.
.5285587014, O.
.2990787278, O.
.519749295, 0.

.788371,
.154934,
.683917,
.111023,
.043739,
.788371,
.111023,
.154934,
.683917,
.096676,
.315204,
.788371,
.408121,

.0008557038, -0.
.0092448529,-1.
.8676087921, O.
.8889514882, O.
.0008557038, -0.
.8889514882, O.
.0092448529,-1.
.8676087921, O.
.0514091959, 2.
.2209743548, 2.
.1182679279, 2.
.0297444337,-2.
.011260128,

N e

.0421991341,
.0848437285,
.1814937198,
7494350033,
1183964765,

.2770819402, O.
1306921284, O.
.781039748

.34293584,

.2802613773, O.
.2906792749, -0.
.360449728, 0.
1402175818, -0.
.2978035929, -0.
0069940218, O.
0490183325, -1.
0349509775, 1.
0006647601, O.
0043817251, O.

.596505,
.382885,
.97873,
.635683,
.319412,
.596505,
.635683,
.382885,
.97873,
.881236,
-2.0001,
-1.605411,
-2.40939,

O NRERFENOR K

o

4697665279,

1864324206,
1596266287, 1
4697665279, -1

7873135041,
8215909668,
4864434579,
.2669373403,

.7571955782,
.7782893844,
.5741503407,
.5741503407,
.6806968121,
.9645865127,
.3031559281,
.9645865127,
.3660691838,

OPrRr ORFrOOoOOoOoOoOo

[oNeoNoNoNe]

0891441386
1159818178

9690192989
0028231236
874450847

0370038845
8756092713
0162579114
1522213673
1845736191
0320367901
038780972

1.283604

2.136592
1.324526

1.312474

.283604
.312474
.136592
.324526

1.2850260384
1379823933, 2.

1.3215868691
.3215467769
.2850260384
1596266287, -1.
1379823933, -2.
1864324206, -1.
8077612626, O.

1379255858

3215467769
1379255858
3215868691

.8754799182
.8754799182

.1017955345

.1017955345
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.5006214441, O.
.2830445846, -1
.3804506328, 1.
.7889964031, O.

.8829827091, 1
.4927638576, 2.
.5055546666, 1
.5055546666, 1.
.0432629037,
.9456269864,
.1183158735,
.9456269864,
.8898933339,
.5327706816, O
.2659348377,
.4342088442, 1.
.7356951104, O.

.5114719586, 0
3953023851, -0
.5089234089, 1
.5089234089, 1.
.0896561212, 0
.3458691298, 1
8461270986, -0
3458691298, 1
.7689113917,
0220218349,
.5820486921,
3445356692,
2925492437,

CHs

=

WNNWNNREFRFORPRPOODONORENDNE

.802224191¢6,
.3305979234,
.5722546228,
.2928202839,
.1166255739,
.3764565238,
.7600719719,
.3247127914,
.7675448482,
.9649047219,
.1529761418,
.038424163,

.680066653,

.5193296794,
.6939190348,
.2826538903,
.6509429562,
.2771055008,
.2724411578,

.806134605,

.6955525548,
.3714997621,
.3714997621,

| I | |
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X F

[oNeN o]

.4087970091,
.2175175051,
.052713752,

-1.
.7365960891, -
.2064747371,
.2694730696, -
.3496821692,
.6377634252,
.1640754469,
.5526840955,
.0704027774,
.2687605075, -
.3002686189, -
.2101729022, -
.0075388356, -
.4601343944,
.4763525758,
.2286034736,
.2100660804,
.8349455437,
.142336748¢,

6241457119,

.3725468932,

1525714819,
8119178968,

.822278453,

8326956293,

.661880435,

661880435,

. 6442210792,
.0794996011,
.2009109202,
.0794996011,
.3799136568,
.5941813196,
.3717238447,

ecNeoNoNoNoN Nell  HoNoNoNe o]

1929095802,
8543698028,

o O O

0527137494, -

.1761776701, -
.2279852432, -
.5934644139,
2279852478,
.6883970286,
.5466408906,
.8446177992,
.6864458426,
.4685903044,

8709492014, -

.8072270912,
.8850692725,
.4925144325,
.4925144325, -

[oNeoNeNe]

P OoONO -

O O O o

.8761358528
.8761358528

.4771940964

.4771940964

.0000000006
.0000000003
.8751400607
.8751400637
.0000000003
.6135028172
.0000000009
.6135028136
.0000000053
.0000000066
.0000000041
.0000000024
.0000000007

.5829277397
.03349605
.1103129526
.3443510645
.5786127626
.3223520028
.9394649937
.4422904983
.1746756968
.639622288
.3492278268
.0531375915
.4180144259
.1762353847
.5228578595
.4358305107
.0233864946
.5642098492
.319043371

.8752982186
.8752982186



NS SN N N N S~ N

~

N S N N~

~

T TODmDID Q™ OOoO=Z"0ammmQO

OEmEEmOMOOZQORE

N N N N~

s @gasigasigas)
\H\\\\

~ 0~

CH3 ’

N N N N SN N~ N

NS N S S SN S S SN oS S~ o~
I
OO NNORELRNNRER

DT ToTODnDIDOOQoOoZaoaxnommmQy o=

~

WNWNDNDDN OB

.4342070413, -1
.965409173, -1
.41627056606, -1
.965409173, -1
.23472919%4, -0
.401111131, 1
.1332715739, -1
.4191833138, 0
.4494787317,
X Cl
.0257514687,
.0861777595,
.7722057374,
.7722057374,
.2784830743,
.5926470438,
.7539538437,
.5926470438,
.8168745217,
.7235012661,
.9260697639,
.7689407668,
.2238811879,
X Br
.2247897611,
.25362186260,
.0395428308,
.0395428308,
.1922411065,
.4406230941,
.774335632,
.4406230941,
.2356980852,
.3401376985,
.276828845,
.703590417,
.2845129731,
X =F
.7621550933,
.2738782661,
.3724054767,
.4287344145,
.1497455832,
.3322086149,
.5826164608,
.0877842259,
.4449540087,
.7176666562,
.3166708211,
.5669931729,
.3981556853,
.1212724213,
.4335925431,
.6622565803,
.2801996276,
.3402423707, -
.1682329668, -0

| |
HFORPNREFNRENREWWNDW

[
NP ONREFE WERFE WN DWW

OO PP OO N

0.

.3651787202,
.7366086306, -0
.7357379338,
.7366086306,
.242406849,
.0127337812,
.4087724647,
.8019491243,
1436536283,

.1231240761,
.9003427813,
.7184718392,
.7184718392,
.9859934417,
.5530229906,
.0123431558,
.5530229906,
.9156166563,
.4823068951,
.5305197531,
.7484981911,
8424393076,

ecNeoNoNoloNoNoNoNoNolNolNollo]

.5666510145,
.2265603715,
.1866639585,
.1866639585,
.6949952587,
.2937938934,
.7811054338,
.2937938934,
.2454017857,
.1016119863,
.702218306,

.2355532439,
.3836631329,

[cNeoNeoNoNoNoNoNoNoNolNolNolNe)

.8153264733,
.6567936002,
.1815629057,
.317895475¢,
.5383544129,
.9620246379,
.604052435¢,
.629315847,

.2289326455,
.8670367724,
.367933254,

.394222041,

.384019315,

.9751587921,
.54931352009,
.5666744471,
.181861743,

.0608878241,
.4785852238,

oN O

0
0
0.
0.
0
0

-0.

0.

.8748120861

0.

.8748120861

.8753233632
.8753233632

.8748602524

.8748602524

.8753196261
.8753196261

.8748691424

.8748691424

.5562908778
.034241705

.268170877

.2562042319
.3545285319
.9336512636
.0072897295
.2675345532
.1182073753
.0129377869
9243990947
.6645364334
.5045004861
.5441423216
.1853091758
.4949622678
.6083671206
.0816169167
.3035776091
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CHs,
.8252650463, -1
.3531942988, -2
.4622187196, -2
4628235983, -1
.1589858152, 0
.3325613319, 0.
.6369262516, 0.
.017466374, 1.
.3838407256,
.7628502171,
.3001101385,
.5074776321,
.3849470641,
.122680766,
.4453337198,
.6502065881,
.2986249615,
.3700889467,
.5265458277,

[
OO NNORFENNRERE

WNWNDNDNO -

X=2C1

-1

[y

O OO OOoORFrDN

CH;,X = Br

2

NWPdrWWWENNRPRPOOREFEDNE W

&

N

-2.
-1.

.2493587572,
9506166454,
.3316405332,
.8190690129,
.289174715, O.
5328923101, 1.
.3203604359, 0.
.6299155615, 0.
9252162309,
7396828471,
.5680481217, 1.
.8809999714,
.6862831692,
.3716151821,
.5599979436,
.9581989679,
3296078198,
.3553321878,
.3710027049,

.6946037801,
.7325903726,
.4805141606,
.4805141606,
.6992003852,
.011594795,
.2848939739,
.011594795, 1.
.4232790143,
.7416412573,
.512677755,
.2100151797,
.8079062673, O.

oNeoNeR SHeN - S\

X F

O EFEPNDNDEDN

-3
-2

X Cl
3649084586,

=

9994907286, 2.

-0.

-2.

-0.

.8203230075, -0
.6770978478, -1
.1669925071, O
.3048533622, -1

.5169273113, O.
9230078329, 0.
-0.
-0.
.3004846978, 0.
9031173684, O.
-0.
-0.

7664905325,
7449208252,

.3413421671,
.3790728897,
.3176960853,
.9750909718,

.5675744154, 1.

.5931082692,
.2154483527,

1
0
.0364449422, 2.
0

.5854563941,

.25167267717,
.290450105,

.1776000249,
.8224887457,

1919789473,
5556296299,

.9687920907, 0.
.4797148884, 0.

6992900471,
.7109584611,
.76039129¢6,

.2407067343,

.7773506491, 1.

.761422752,
.229906856,
.2529485123,
.3631427535,

oN o

.0303921398,
.72181353009,
.6389347179,
.6389347179,
.082132523,

.8276336166,
.1709268339,
8276336166,
7112347352,
.2062222433,
.282770413,

3288353436,
8216464794,

OO O OO ORFr OO OO Oo

.760933889¢,

9146354073, O.
4288844104, 1.

.561221084

.0282859026
.2514658866
.2749764399
3546819174
9339027037
002119828

1985703597
1641348602
0026318648
9303832801
6783920544
.5155579378
.5428602022
1803030586
.4796914598
.603467186

0825359518
.2704455764

.000149869

.915704918

.0846490062
.9041185451
434030936

0260641279
.8035249455
.6817461799
9635466046
1913595414
.8462218255
.5955676851
.4786936634
.4198187771
2835527116
.5216817574
.7407486971
.213660324

.5376501429

.8753794354
.8753794354

.1021630802

.1021630802

7803261883, O.
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.9843555681,
.9843555681,
.5497503664,
.3121186461,
.6723373274,
.3121186461,
2.3368657259,
3.2365579489,
1.6977418712,
.0351455005,
.2061024112,
X Br
.8876385743,
.4512391499,
.5182629577,
.5182629577,
.2463346084,
.0262681223,
.41606725606,
.0262681223,
1.6242582432,
2.760391568,
0.8840853502,
.6067765813,
.798547233,
Cl, X F
2.2004847699,
3.1639345598,
2.1067800602,
2.1067800602,
.3410637985,
.6706916507,
.000342574,
.6706916507,
.6808303445,
0.3724554561,
.6725129331,
1.3327156686,
1.1156885721,
Cl, X Cl
2.2018653511,
3.1836128352,
2.0836981102,
2.0836981102,
.3158061863,
.6820930972,
.9428801013,
.6820930972,
.758496607,
0.5239331983,
.6786988671,
1.4183601034,
1.1575016061,
Cl, X Br
.2270087193,
.6868013676,
-2.8665918784,

.5810623612,
.5810623612, -
.6813737252,
.9524815247, -
.31677018¢64,
.9524815247,
.8544776874,
.5177982204,
.8392608011,
.1453224716,
.8087679358,

.8506771784,
.8418513206,
.714990151,
.714990151, -
.6429527147,
.8595075619,
.3388746224,
.8595075619,
.1478573921,
.2391696326,
.0592418167,
.0724204574,
.8192244446,

.27944319¢66,
.7844638982,
.9154502788,
.9154502788,
.707004644¢,
.6528787653,
.14864365,
.6528787653,
.008189377,
.7093122614,
.385764345¢,
.9576449932,
.2416192022,

O OO OO ORFrr OOOOoOo

.3614418975,
.9037120895,
.9941983305,
.9941983305,
.692088077¢6,
.6258682836,
.1877911024,
.625868283¢6,
.0904859534,
.113172189¢,
.3611148327,
.908027025,

.2820440505,

OO OO OO ORFrOOOoOOoOo

.2343662715,
.1732707337,
.1713712054,

.8753847372
.8753847372

.1021743004

0
0
0
1
0.
1.1021743004
0
0
0
0
0

0.

0.
0.8754473223
0.8754473223
0.
-1.1021932078
0.
1.1021932078
0.

O O OO

.8761192296
.8761192296

.477690269

.477690269

.8753432718
.8753432718

.4770971071

.4770971071

[oNeNe]

.876280101



H, -2.
C, -1
cl, -2
H, -0.
cl, -2

3

QO ZWn
\\\H\

1.1196746642,-1.
-0.0329537531, 1
-1.2409895732, 1.

R=Br, X=F

c, 2.4899161203, O
H, 3.3898002048, -0
H, 2.4708557426, 1
H, 2.4708557426, 1.
C, -0.104140137, O
Br, -0.3800376897, 1
H, -0.8478476366, -0
Br, -0.3800376897, 1.
c, -0.8443174587,-3.
F, 0.1247192821,-4
N, -1.7613238878,-2.
o, 1.3813424165,-1.
C, 1.293388703, -0
R =Br, X=C1l

C, 2.4987055789, O
H, 3.4205339311, O
H, 2.4558632241, 1
H, 2.4558632241, 1.
C, -0.0822736715, O
Br, -0.3977013649, 1
H, -0.7975429862, -0
Br, -0.3977013649, 1.
C, -0.9444558102, -3
Cl, 0.2129905512, -4
N, -1.7752351447, -2
o, 1.4678315343,-1
C, 1.336748104, -0
R = Br, X = Br

C, 2.5120576529, 1
H, 3.4117090587, O
H, 2.4935683284, 1
H, 2.4935683284, 1.
C, -0.0820738986, 1
Br, -0.3579522241, 2
H, -0.8283561495, O
Br, -0.3579522241, 2.
cC, -1.1400350716,-2.
Br, 0.0311644692,-3.
N, -1.9079510696, -1.
o, 1.3995469108, -0.
cC, 1.3147519899, 0.

1.

8665918784, 2.
.7761654967,-0
.7377385042,-0.
9541606285, -1.
.7377385042,-0.
9550853599, -1.
.2319311471, O.

Cl, Br, CH3) va H,O

Fl
C,

0.

0015075179, 1

.2588545642,

.3441567995,

.5036704257,

.8710907271,
.3020816539,
.5127280371,

.4756242502,

1713712054, -0.
.3313252921, O.
6157015266, -1.
0325805329, O.
477727136

6157015266,
1540548048,
1038881747,
9793670306,

1012403406,

.4044538448, -0.
.1986359606, 0.
.0472613388, 0.
0472613375, -0.
.1053204255, -0.
.1510816401, -1.
.6777492853, 0.
.6143106657
.0000000027
.0000000034
.0000000022
.0000000013
.0000000004

1510816426,
5306715262,

8025800212,
720413588,

OO O O o

5127280394, -

[oNeoNeoNoNe]

.3454059685, 0
.7418359824, 0
.9883251352, 0
9883251358, -0.
.047954675, O
.0947834628, -1
.266804821, O
0947834617, 1.
6016370023, -0.
-0.
7131941679, -0.
7793346001, -0.
437154094, O.

5. Toa d§ hinh hoc cia cac phirc twong tac gitta NH,CHO, XNHCHO ( X =F,

958201329,

.2094871988, -0.

OO OO o+

-0.
-0.

876280101

477727136

0000000003
0000000002
8758409137
8758409153
0000000001
6143106675
0000000005

.0000000011
.0000000004
.8758238309
.875823827

.0000000006
.5108387484, -1.
.3338701654, -0.
5108387442, 1.
.2120145602, -0.
.374170406,
.382008444,
.2941423518, -0.
.0817375397, -0.

6141890494
0000000004
6141890533
0000000042
0000000057
0000000031
0000000017
0000000001

.0000000004
.0000000002
.8758218365

8758218352

.0000000003
.6142838929
.0000000001

6142838942
0000000009
0000000013
0000000006
0000000003
0000000001

0328226984
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H, 0
N, 1
H, 1
H, 2
H, -0
o, -0
H, -0
F2

c, 0
o, 0
H, 0
N, 2
H, 2
H, 2
o, -2
H, -1
H, -3
F3

c, 1
o, 2
H, 0
N, 0
H, 0
H, -0
o, -2
H, -3
H, -3
FlF

c, 1
o, 0
H, 2
N, 0
H, -0
F, 1
H, -1
o, -1
H, -2
F1Cl1
c, -0
o, 0
H, -1
N, -0
H, 0
cl1, -1
H, 2
o, 2
H, 3
F1Br
C, -0
o, -2
H, -0
N, -0
H, -0
Br, 1
H, -2
o, -2

.74570215,
.0645245637, O.
.3012675392,
.0947310117,
.5983194279, O
.6084358346,
.531235907,
.7426876318, O.
.2536429351, O.

.2668403004,
.4547565602,
.8841852145,
.2716331881, O.
.511481292, 1.
.699769039, 0
.6495581857,
.1440314085,
.1502242129,

.2104001449,
.5159210522,
.2882683489,
.7249945697, O.
.259243953, 1.
.540565257, 2.
.4051418951, -0
.9375375834, O.
.7299229412, O

.9261847143,
.1391340038,
.2291542053,
.3251737962, O.
.8947281039, -0
.5156429495, -0
.9551907781, -0
.7903943514, -1

-1.0941742295,

.1014502185, 2
.1800071272, O
.1855722693,
.0433344436, 1.
.8202198¢642,
.2331678221,
.6072486807,

-1

-1

-0

-1
-0

-1
-0

-0

-1

-0
-0

-0
-1
-0

.3681137766, 1
.7080888553, 1
.3325495408, 1.
.4768093386, O
.3546447738,
.9922882691,
.1187604414, O.
.3063401169,
.075835847¢,

N

-0.

-2.

-0.

0.66820944,

.30480933¢66,
.5628544296,
4501426125,
0744082104,
.2004139821,
.9736559352,
6787962956,

.2717272411,
736251394,

.2770769596,
.2788685281,
.5923267567,
.1395889385,
.3809637545,
1847072232,
1312819197,

.290401196,

0389998881,
.3256721332,
6241658653,
6012096339,
.3487989176,

-0.2396745549,

.5153395811,
.5622122104,

.2698638937,
.2665337683,
.2744353229,
9713086497,
178397174,

0175209608,
.6486764934,
1556927563,
.0435429374,

.3834615791,
.95742015,

9028634084,
.0385996159,
.5419112064,
.7459884658,
6165443263,
.3246964208,
.5524795667,

.2144678685,
.3468979169,
.0631204863,
0033399612,
.8411008216,
.2096257892,
.43151936,

.3872146087,

-0.0779346601
0.0280189858
.0728604703
.0421667739
.1082411257
.2176642375
.316580166

OO O oo

.0657581532
.1275032676
.0185325018
.0489898754
.0834844877
.0080649486
.0332203047
.0439039858
.3383787666

oNeoNoNoNolNolNolNolNe

0.0054108261
-0.006267836

0.0403164149
-0.0212530677
-0.0536637352
-0.0092377439

0.0164027313
0.7941660532
-0.7390537286

0.0237258794
0.070575381

.186923103

0.3147696025
0.1298816201
.1198536577
.0356967631
.1573096308
0.3748766718

0.0845107123
0.0936665989
0.159468157
-0.0096063516
-0.1199914838
-0.0892012553
-0.1589178664
-0.3274977905
0.2011265095

-0.
-0.

0145727788
000390213
-0.0163978355
-0.0469316471
0.0107376766
.0633274057
.1243482287
.2186901421

[oNeNe]

-0.0405806687
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.4277792465, -1

.3410284238,
.8150408667,
.1934234911,
.7081741¢616,
.0491095857,
.9579795742,
.1323455399,
.8780086776,
.0804993416,
.2740311802,
.3144688011,
.7495781747,

-0

-1

3100905223,
.1742798638,
.4912655316,
.0162772217,

3450682138,
.8941945275,
.8455869041,
3036247203,
.1793234262,

.2467755157,
.2291376085,
.2809755066,
.0129479051,
.15910363,

.3908270376,
.7368052259,
.1663072615,
.0393734544,

.2533242134,
.241235047,

.2866239163,
.00205584¢67,
.1251509117,
.5192897818,
.7485073669,
.1976722023,
.0556297941,

.1022782504,
.7399870796,
.16635266009,
.4267530352,
.7161361742, 1
.1158333266, -0
.4136632097, O
.8797646537,-0
.4326909327, -0
.9415359355, -1
.1402130586, -0
.9837938839, -0

-0.
-0.
-1.
-1.
-0.

-1.

.8340412235, -0

.0002094035, -0
.4038495794, -0
.686381545, -0
.2750271765, -0
9399030825, 0
0606308141,
0179700383,
0960696521,
7368353111,
.4697584237,
1896100809,
.1089851113,

.2835581475,
.1293433035,
.7980400369,
.6224667373,
.4659113262,
.4178415957,
.0691841248,
.7829954179,
.6360265887,

.2899170728,
.004167233,

.8064684049,
.801548454¢,
.7881626602,
.1864103983,
.2243706571,
.0945268342,
.964776126,

OO OO O OO oo

.2902295373,
.9981661339,
.8064433673,
.8084828361,
.8011818231,
.2342209514,
.2231755851,
.08331404,

.9436633866,

oNoNoNoNoNoNolNolNe]

.0816346444,
.9606828017,
.9613088415,
.271970814¢,
.214844893¢,
.5055573822,
.1528629699,
.0035243312,
.7667723547,
.7103148918,
.5458777787,
.8875525642, -1

-0.
0.
0.
0.

.3448813987

.2206709488
.2708645223
.349436913

.010606121

.1154844317
0755923219
0274484069
6279042654
0315603012
.7530993186
.9961988952
.1191737647

.0941746386
.0309424364
.1378165877
.212899475
.2431904167
.100851451
.0438666568
.1040736922
.262407079

.0671230563
.0825259804
.0987993659
.0424649427
.1158379348
.1947241567
.1010133693
.0753588045
.4544345724

.0720349776
.0902497394
.1030264555
.0437676045
.0978530382
.2204707293
.0926274136
.0595160994
.4682594774

.0690901584
.1681834252
.1599302186
.222730682

.4355610513
.2371519592
.0847925961
.5314522286
.1089267819
.1212682873
.6913008592
.0424539303



, -1.1552122926,-0.2464103582,
.3252351221,-0.5163083607,
.3169232616,-0.9492910105,
.7526616287, 1.0393965093,
.3160974831, 1.8005035133,
.5834423655, 1.3167327134,
.9942906797,-1.3792401497,
.1944477309,-0.4437681734,
.7868492622,-1.8502967735,

.097851388

.1925637573
.1891869541
.2584881934
.1067066458
.1064890427
.0126863993
.0957272283
.2602640055

~ ~ 0~ 0~
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~

T T OMID=ZIOQ0N
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—

~
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NN =

|

OO OO OO oo

I
W
Q
=

.8002574813,-0.3657877075, 0.0393338354
.5997864032,-1.2710481166, 0.091892084

.2887861412,-0.4904584972,-0.0169559756
.2074045127, 0.9476727519, 0.1133051802
.1812428293, 1.1513663838,-0.0661723516
.1491377682, 2.2204356825,-0.3693816442
-2.6072470746,-0.8620372747, 0.0675962795
.2884208241,-0.1838202343, 0.1024036413
.0720319549,-1.6974719881, 0.174365951

~

T TOoOQm=zmOoOAnN
NN N N NN
| |
w oON B OO

=
SRR
o
I H I
(. w

.4692478345,-0.6589631387, 0.0284345773
-2.5693872176,-1.1584165004, 0.0929107805
.2760301795, 0.4199560035,-0.0350014288
.3325697203,-1.4292794069, 0.0971048517
-0.4384821118,-2.4244821485,-0.0489805159
.3304223579,-0.7646266907,-0.4458127586
.1718081714, 3.2280998302, 0.5335703173
.9272698385, 2.7781238324, 0.1436662679
.6752702844, 3.3659112193, 0.2871439087

~ N~ N
[
o -

HTOITWTI=mOQN
w\\\l—‘\
Q
fas
w
= o o

0.7625746541, 0.1285378705,-0.1166550293

1.8774551058,-0.3407633182,-0.2448663065

0.5757538959, 1.2126139094,-0.0420696502
-0.3793520733,-0.5977082496,-0.0501433866
-0.2687243951,-1.5982487264,-0.1133481853
-1.7089389737,-0.0375566275, 0.102367791
-2.3484055374,-0.2988248155,-0.7429881982
-2.1850186417,-0.390495325, 1.0192194963
-1.6317893784, 1.0468565019, 0.1515992965
-0.948304135, 3.5316336329, 0.2321368297
-0.6272157257, 4.0142155459, 1.0002347035
-0.7720640156, 4.1084067614,-0.5176790409

. Toa d9 hinh hgc cia cac phirc twong tac giira RCHO va CH;CHO (R =H,

Hs, F, Cl, Br)

= O QO

~

T o QT =

N~ N N~

e\ T T Oom

S0
I
i

.0943212297,-0.3498060568, 0.
.3448653969,-1.3111456454,0.
.675507805, 0.6741268278,0.
.594898604, -0.4510839436,0.
.9908278369, 0.0653817103,0.8808697218
.9120328007,-1.4944255655, 0.
.9908278369, 0.0653817103,-0.8808697218
.4569924448, 0.556329999¢6, 0.
.7691369578, 1.5597940756,0.
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-2.0077062366,-0.449061949, O.
-3.5606818895, 0.6167698296,0.

-1.028727238, -1.4722225191,0.
-1.4926791799,-0.3452963736,0.
0.0692595536,-1.6166811934,0.
-1.857671562, -2.7255745545,0.
-1.6037561448,-3.3245124242,0.8810240026
-2.9213807654,-2.4855723391,0.
-1.6037561448,-3.3245124242,-0.8810240026
1.0955693022, 1.4607638584,0.
1.7926516263, 0.4994007436,0.
0.004170828, 1.4915173052,0.
1.6000733432, 2.7165694897,0.

-2.3490142191,-0.1408866032,0.
-1.74657181, 0.9186407985, 0.
-1.7858463145,-1.0938805931,0.
-3.8467737121,-0.2598862012,0.
-4.1623764748,-0.8287630326,0.8809333576
-4.3128445735, 0.7258241696,0.
-4.1623764748,-0.8287630326,-0.8809333576
1.2531367145,-0.0836917063,0.
0.8931254325,-1.2215724577,0.
0.5998523055, 0.7941078221,0.
2.9592394031, 0.3859832355,0.

-3.1638378527,-0.1937679897, 0.
-2.5163658362, 0.8387143677,0.
-2.6427734092,-1.1709111355, 0.
-4.6652437385,-0.2487745411, 0.
-5.0047787795,-0.8034695431,0.8810688385
-5.088420978, 0.7561373751,0.
-5.0047787795,-0.8034695431,-0.8810688385
0.4461352283,-0.2213504124,0.
0.0708435245,-1.3511973649,0.
-0.1875190185, 0.6719709093,0.
, 2.3368607896, 0.269513245, O.
= CH3
-1.8197509758, 0.0308989351,0.
-1.3937364465, 1.1734272988,0.
-1.1131017597,-0.8199857955, 0.
-3.282348313, -0.3218851649,0.
-3.5055968895,-0.9329509395,0.8810027127
-3.8971745394, 0.5789078277,0.
-3.5055968895,-0.9329509395,-0.8810027127
1.8197509758,-0.0308989351,0.
1.3937364465,-1.1734272988,0.
1.1131017597, 0.8199857955,0.
3.282348313, 0.3218851649,0.
3.5055968895, 0.9329509395,0.8810027127
3.8971745394,-0.5789078277, 0.
3.5055968895, 0.9329509395,-0.8810027127
= NHZ
-0.0446246188,-1.7486984127, 0.
-1.196824891, -1.347105674, O.
0.7908062881,-1.0245374155,0.
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Br,

OO OO OoOoOo

|
= O

2.
0.
1.

.5416150434,
.9689503139,
.9538297107, O.
.0341448126, O.
.3332739618, O.
.5274902903, -0.
.3332739618, O.
.2456286225,-1.
2328631803, -1.
1979772531,-1.
2805535755, O.

7. Toa d¢ hinh hgc cia cac phirc twong tac gita RCHO va XCN (R=H, F, Cl,

.3364651764,-3
.9521155658, -3
.551842348,
.9521155658, -3
.0388205255, 1.
.2006103238,
.8116395396,
.3418865659,
.3625001944,
.3150997265,

-3

w w wkrE P

.7679086629, 0.
.1637730425,
.2079929654, 1.
2652336188, 0
.5810360807, O.
.7304778875,
.5810360807, O.
9864258116,
.1526822862,
.1490259284,
.4800602175, 1.

.1090186641, O.
.4614676794,
.5893077761, 1.
.6095747239, O.
.9488725711, O.
.0331539123,
.9488725711, O.
.7508923261,
.830587124¢,
.7737364939,
.5058659498, 1.

.2040711542,0.

.4148507178,0.8808819979

.8368678267,0.
.4148507178, -0
7985780217, 0.
.4200433585,0.
.0986302199,0.
.1064214603,0.
.8281957886, 0.

.8808819979

.3609782424, 0.

0933985754, 0.
.9647920001,0.
0491335516, 0.
.211472565, O.
7800935546, -0
.7745665447,0.
7800935546, 0
.2074626924,0.
.4161055633,0.
.9086642385,0.
0596266601, 0.

0310040515, 0.
.0011892362, 0.
0092083299, 0.
0862336854, 0.
6411320204, -0
.9184108291, 0.
6411320204, 0
.6153815938, 0.
.1143443098,0.
.1087618275, 0.
155813635, 0.

.0949841068,
.1712230331,
8437039524,
0655208645,
643280546,

9066468135,
643280546,

1061853019,
7634496503,
4280144386,

Br, CHz, NHy; X=H, F)
C1 (H-H)

.093795,
.547113,
.76465,

.972908,
.101338,

P oOoODMNOR B

.236941,
.425776,
.097518,
.121389,
.388886,
.188851,

oNoNoNoNoNoNoNoNole)

.8809953895

.8809953895

.8810295761

.8810295761

.8808681776

.8808681776

8713048269, O.

OO OO oo
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H, 0.285936, -1
C1 (F-H)

C, -0.1024690448,-0
H, 0.834946187, -0
0, -1.2044529066,-0
F, 0.1436924522, 1
N, 1.017538232, -3
c, -0.1237003334,-3
H, -1.1678062364,-3
Cl(Cl-H)

c, -0.1178469, -0
H, 0.8197103683, -0
0, -1.2133693631,-0
cl, 0.1910180615, 1
N, 1.0107459095, -3
C, -0.1264436596,-3
H, -1.1660660665,-3.
C1 (Br-H)

c, -0.1237712421,-0
H, 0.8144548573,-0.
0, -1.218814744, -0.
Br, 0.2241548878, 1.
N, 0.9942025504, -3
c, -0.1316398288,-3
H, -1.1608381306,-3
Cl (H-F)

c, -0.0154532326, 2
H, 1.0354560928, 1.
0, -0.9538987509, 1
H, -0.1881019797, 3.
N, 1.4772709749, -0
c, 0.3483303314, -1
F, -0.8453780158,-1
Cl (F-F)

Cc, -0.1548140222,-1.
H, -1.1848223415,-1.
o, 0.8659468008, -0
F, -0.1723942499,-2
N, -1.4298113834, 1.
c, -0.2929796017, 1.
F, 0.9232720077, 2
C1(Cl-F)

c, -0.1500288375,-1
H, -1.1758224336,-0.
o, 0.8668134855, -0
Cl, -0.1734403336,-3
N, -1.4307867587, 1
C, -0.2971029028, 1.
C1 (Br-F)

c, -0.1451297678,-1
H, -1.1702293398,-0.
0, 0.873143723, -0.
Br, -0.181393298, -3
N, -1.4298514048, 1
c

F

.3000187842, 1.
.9078760816, 2.

.893647,

.189834864, O.
.7418988528,0.
.630868326, 0.
.1386704581,0.
.2812336481,0.
.5224087068,0.
.7262837703,0.

.251659661, O.
.8070956987, 0.
.7190060196,0.
.5016838755,0.
.3107404794,0.
.5710665479,0.
795973179, O.

.2673135297,0.
8234070422, 0.
7315953391, 0.
6508822763, 0.
.3003024169,0.
.6063342559, 0.
.8757874026,0.

.0081160754,0.
652554532, O.
.2183064003, 0.
10458842, 0.
.8649783972,0.
.232950062, 0.
.6961179986, 0.

4351232093, 0.
0493514028, 0.
.8099586068, 0.
.8018365671, 0.
4965795141, 0.
8382641961, 0.
.2352634257,0.

.3809369189, 0.
9748927947, 0.
.7385456201, 0.
.1597539591, 0.
.5372184352,0.
8897612949, 0.

.3556823457, 0.
9451815221, 0.
7167989469, 0.
.2985382898,0.
.5458422662,0.
9106342963, 0.
3335618919, 0.



C1l (CH3-F)

C, 1.4070074058,-0.1464881383, O.

H, 0.9658145814,-1.1691678968, O.

o, 0.6627852018, 0.8318847581, O.

C, 2.9097907795,-0.0610455447, O.

N, -1.5622914744,-1.4598687487, O.

C, -1.839208728, -0.3051212817, O.

F, -2.2173012846, 0.9183315132, O.

H, 3.3008414392,-0.588824484, 0.885795629
H, 3.3008414392,-0.588824484, -0.885795629
H, 3.2421833924, 0.9850763617, O.

C1 (NH,-F)

C, 1.4034588047,-0.2250248879,-0.0016873805
H, 0.9553694638,-1.1720843052, 0.3603153192
o, 0.7154258696, 0.7312592438, -0.3655363279
N, -1.5697585638,-1.3424110111, 0.4285869721
c, -1.7902168985,-0.2521576598, 0.0128681065
F, -2.1223455031, 0.9028958409,-0.4268816145
N, 2.7667057657,-0.2318493102,-0.0010424351
H, 3.2803692613,-1.0446122872, 0.3083356022
H, 3.2696932804, 0.5889614968,-0.3149582421
C2 (H-H)

c, -2.3159266904, 0.303867542, O.

H, -2.0947492933, 1.3911015827,0.

o, -1.4206768006,-0.5340313842,0.

H, -3.3830895008, 0.0044319642,0.

N, 2.8548442705, 0.1999044605,0.

c, 1.6958154514,-0.0375131336, 0.

H, 0.6301756331,-0.2448910017, 0.

C2 (F-H)

c, -1.1238746745, 1.5395568054,0.

o, 0.0450460162, 1.2818596914,0.

H, -1.5998695333, 2.5304316801,0.

¥, -2.0851888703, 0.5739160408,0.

H, 1.1210529261,-0.5977370056, 0.

c, 1.7053994366,-1.5084801192, 0.

N, 2.3435846992,-2.5044220929, 0.

C2 (Cl-H)

c, -1.1656451876, 1.1533633567,0.

o, -0.0214468052, 1.5275016301,0.

H, -2.0594642311, 1.7988815801,0.

H, 1.6739866186, 0.179524369, 0.

c, 2.5292180082,-0.4838377041, 0.

N, 3.4629158763,-1.2102132748,0.

Cl, -1.6280472792,-0.5570989569,0.

C2 (Br-H)

c, 0.0294163676, 1.5043343847,0.

o, 1.2307394037, 1.4287454555,0.

H, -0.5611893478, 2.4367856767,0.

H, 2.193539447, -0.5216753568,0.

c, 2.7049623634,-1.4752785145, 0.

N, 3.2638726467,-2.517818604, O.

Br, -1.1327448806,-0.0427530415,0.

C2 (CH;-H)

cC, 1.5103321585, 1.4378991836,0.

H, 2.3864323155, 0.7484351159,0.
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T Q=290 im0

4
C3(C
C,

H,
O,
Cl,
N,
C,

H, 4.0099120718, -0.
C3 (Br-H)

c, -0.0291378191, 2
H, -0.4439008179, 1.
o, -0.6143123068, 3
Br, 1.9403280769, 1.
N, -0.6020946401, -1
c, -0.3373033554, -2
H, -0.0955838877, -3.
C3 (CH3-H)

c, -0.4652691346, 2
H, -0.931705499, 1.
o, -1.168983038, 3
c, 1.0417235441, 2.
N, 0.5059022709, -0.
c, 0.4024127432, -1
H, 0.3076775308, -2.
H, 1.4104721642, 2.
H, 1.4104721642, 2.
H, 1.4130937112, 3.
C3 (NH,-H)

cC, -1.6836013619, -0.
H, -1.1703758458,-1.

NDNO OO O

0.

3

.3708504274, O.
.8233937388, 2.
.0233614543, -3
.0282872117,-2.
.0878196393, -1.
.4353720577, 3.
.4353720577, 3.

9006525386, 3

2 (NH,-H)
.48195299, 0
.26668905, 1.
.59191695,
.60051902, 0.
.43674203,
.36262404,
.81128998, 0.
.11311292,
.50082402, 0.

_H)

-1.
0.
-2.
-1.
2.
3
4

0323677857, 0
007755093, 0
0484478992, 0
0321137846, -1
1957374449, 1

1

2

.29813791¢66,
.3043394149,

1-H)

-1
-0
-1.
-1.

2

.2692102116, O.
.1695584389, 0.
9429770502, 1.
9817680175, -0.
.021100659, O.
3.0605520674,

-0

.33013789,
.52447006,

.05076989,
.23650295,

.9200382,

.4624662362,

.0445321167,
.0891253585,

.2255314383,
.3766293233,

.9208916715,

.9277205064,

.5910873058,

9757767063, 0.
9074107854, 0.

.2972505267,0.

1151072042, 0.
0283317471, 0.

1453689978, 0.8859233591

1453689978, -0.
.5014883839, 0.

41751391,

16351317,

04694882,
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78534578,

.1253835087,0.
.482916407, O.
.7543062581,0.
.2539866953, 0.
.2869141851,0.
.710883589, 0.
.0976548773,0.

8286667957,
7491244322,
8200572298,
8280929988,
0984343008,

9729757535,

0217448207,

9248762354,

4271824999,

9099578235,

9396336253,
4132239843,

6648036225,
3917287057,
3917287057,
973072032,
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3627362762,
3479831908,

o O

OO OO O oo

OO O OO oo

8859233591

.8823036759
.8823036759

.0009370823
.0016841896
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4
4
4
4
4
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14
14
14
-G2
14
14
14
14
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C
H
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C
N
C
F
H
H
H
8
C
N
C
H
C
H
C
N
H
H
N
C
)
H
N
C
H
N
C
C
)
N
H
C
N
H
H
N
C
H
C
N
C
H
C
H
C
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-2.9107915896,
2.2915087589,
3.442735175,
4.4937556859,

-0.8063700763,

-1.173912458,
0.1957427119,

F)

-0.4775436347,

-0.9435083643,

-1.1822628396,
1.02953225¢,
0.5185123961,
0.4359611226,
0.3466643297,
1.3991617728,
1.3991617728,
1.4001176563,

=2
=2
-1
-3
-3
-4
-5
-6
-6
-4
-3
-3
-1

.2897205969,
.3314980998,
.3756336592,
.5267839627,
.5872158764,
.6910049614,
.9304566867,
.7036290947,
.0242007785,
.6545362493,
.4494603375,
.3231403462,
.3896881011,
.2546912776,
.9221075589,
.6161912249,
.1223184443,
.9613031719,
.6651026504,
.5967353567,
.8704103454,
.7232720731,
.142544275¢6,
.1714273531,
.0274438853,
.0769021832,
.4055241633,
.2931267324,
.0541810543,
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-2
-2
-2
-4
-4
-4

.2820292617,
.8507672423,
.1741904224,
.202258293,
.676226941,
.9499473699,

-0

0
-0
-0

-0
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.2563980706,
.052060598,

.9368484975,
9254695497,
9426811079,
9569456449,
.3798879754,
.5638895807,
.8431898376,
.410027637,

.410027637,

.9905797813,

.64554432, -0
.7009648649, -0
.2081493108, -0
.3463401086, -0
.4225071968, -0
.5152570232, -0
.0996986275, -0
.4867636175, 0
.055304767¢,
.7984694739,
.4571653181,
.6693590958,
.1128807758,
.4056355922,
.7682978339,
.8008370974,
.7385395841,
.6415709347,
.758368¢616,
.3453753144,
.5167624763,
.5138263857,
.01072703,

.9138765756,
.8270337685,
.5126198493,
.2706007849,
.0390011821,
.0159944731,

O O O o

.2260609093,
.4457257822,
.2889374313,
.5775496021,
.5455033665,
.358448838,

0.
-0.
.2099877422,-0.
.4499376112, -0.
.6801635614, -0.
.6234494793, -0.
.5228642523, -0.
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0
0
0.
0
0
0

0010915605
0002220029
0002334941
000243268

0001454463
0008832449
0002053761

.8825779882
.8825779882
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.0118802008
.0186963248
.0283022156
.0152333229
.0339034093
.0007737601
.0393480965
.1603029705
.2544715616
.0134082767
.0019696142
.0093159246
.0159152069
.0059839372
.0011984356
.0020835646
.006452244¢6
.0029334323
.0134387334
.0280757354
.0120392397
.0756589575
.0021841768
.0535457705
.3440570935
.1279896214
.0187258834
.0040060958
.0089064948

.0036480956
.0073637819
0072593554
.013167886
.027634718
.0114734899
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-6.314802309,

-6.7854097408,
-4.398975609,

-3.0371307542,-0.
-2.4471971286,-2.
.1255796661, O.
1.9640996664, -2.
0.6553755556, -1.
-0.1985376559, -2

-1.2598033751,

0.5699214243,
1.8726606063,
.3957562514,
8267032399,
.8260185421,
.2607529901,
.601250444,
.9626808139,
.344714485,
.4844106054,
.1101855704,
.7562187217,
2881362544,

NN YO O D WE DN

-5.2294146887, -

-5.4330542898,
-6.4597450159,
-4.38044318¢61,
-4.520959707¢,
-3.068186954¢6,
-1.9803283701,
-1.0466954558,
-2.0745997176¢,
-2.8795228977,
-3.9349810988,
-3.8468754581,
-5.9980934762,

1.3779012501,

0.253031709¢,
.7545516604,
.5539879228,
.9334181294,
.8275065073,
.6043436167,
.181995843¢,
.8649993253,

.5500403525,

.76406001,
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4.0236115973, -1.
.2612382551, -1
6.0845436509,-1.
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.3140678413,
.1733618042,
.3921677125, 0.
.2417372089, -0.
.8421620358, -0.
.0480304214, -0.
.4349640831, -0.
.224746204, O.
.2743589615, 0.
.3938890489, -0.
.5892043346, -0.
.9298707716, -0.
.6695814859, -0.
.5899430576,-0.
.9455413195, -0.
.0606534752,
.5654514815, 0.
.3877583489, 0.
.4630695827,-1.
.4046293087,-2.

.1931020415, -1

.2402039973,

.4091180392, O.
-6.7949990681, -0.
.256554394, -0
.8376084517, O.
0.0034797356

4578315623, -0.
9654456805,
0402507583, -0.

1424843775, -0.
7152256874, -0.

.3756040856, -0.
.4100937482, -0.
.0441259494, -0.
.3776890117, -0.
.452362831, -0.
.3347785892, -0.
.2429388396, -0.
.2067065579, -0.
.3881977928, -0.
.2073132699, 0
.4556316394, O.
.0039541439, 0.
.0261210944, -0.
.0945726411, -0.

.5918137698, -0.
.7472986045, -0.
.0842873765, -0.
.5947052181, -0.
.663456366, -0.
.9986844378, 0.
.7868193598, 0
.3688833464, 0
.7848428364, 0.

0

0

37623809, -0.
6038011502, -0.

0091576277, -0.
8475412519, -0.

7543409757, -0.

(@)

9393105372, 0.

0553398393
1187078357

.2049940893

0016132056

0004058774
0000854838
0045573855
0052127124
0062667287
0034733729
0013594294
0076432224
0180021706
0088369743
0793660892
0029822479
0642810617

.3794060141

1107034761
0089558963
0029233662
0066864139

0036922672
0061246668
0104642175
0031455405
0048667976
0025215863

.0064032612
.007027584

0007183827

.0046481898
.0016985276

0032322017
0060582797
0060150561
0006938239
0009761697
0051829451
0039499351
0002991914
0055460742
0066344416
0767406783
0070225095
0732614256

0.3818411378

0971192994
0031271701
0040567738
0121263075

1443619343

.042241928

043016111
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4225748865,
.3982913566,
.2285222673,
3195464866,
.4691750303,
.185836603,

.0221780134,
8601474289,
7824759192,
.8775955871,
.6109748012,
.490405539,

.4745241007,
.6346498752,
.5659316135,
9906292294,
.7528304578,
.5229895493,
.5151336222,
.8061957694,
.5206271569,
4368357396,
.9644226173,
.5126456666,
.9406003584,
.1622248132,

.3719669486,
.1338871776,
.6028273895,
.487963491,

.1105825251,
.0293799735,
.3742133669,
.7200452709,
.0003267628,
.283114087¢,
.9325059978,
.1758687907,
.339540334,

.4894777748,
.6579193667,
.6371022773,
.5281398609,
.5589689578,
.13390202009,
.4068800686,
.5530546797,
.5165458189,
.2302426994,
.4662643386,
.4808803971,
.9290738178,
.5419305793,
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.0915878805,
.5246053796,
.8875726541,
.2276730169,
.7606411977,
.6676575312,
.3814685257,
.9574630919,
.5180078132,
.7430046263,
.0965832356,
.4612296071,
.9196747571,
.0911578417,
.0877603036,
.1544551392,
.1024926645,
.1676675322,
.1867132995,
.332417798,

.4964301583,
.5447188092,
.3191784538,
.3843108346,
.1584229221,
.5712128854,

.5593297112,
.6704067284,
.610646663,

.5834120724,
.4632102363,
.2630331191,
.0851290901,
.1461572194,
.8456292472,
.171555443,

.278603449¢,
.704886756,

.6398363141,
.3175106117,
.056024364,

.504818474¢,
.7016796804,
.715695801,

.7937259262,
.7937309681,
.4824403867,
.5139143407,
.6655138904,
.7928503191,
.7208111617,
.6518232931,
.758293082,

.1417083804,0.5507181304,
.2052103274,1.0230524066,

.2166317306
.3642326036
.1899550721
.3440170988
.4023826116
.5904071305
.0063788651
.1662362969
.3361763445
.2722204351
.2511262812
.3674871126
.4973702635
.3031477449
.1348312525
.0125985165
.0317625082
.1666697565
.3488907356
.1755555739
.3974153356
.0199897896
.2235876186
.036990376

.1001860245
.2702640929
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0.0309978566
0.0339971409
0.0716641753
-0.0099132458
-0.0155320478
-0.057207119
-0.1340291349
-0.0351787529
0.0541545221
-0.0555721251
-.0144657762
.0116956486
.0639308982
.0215800476
.0448803398
.0334998814
.080810332
.083375756
.1052426184
.1223467465
.1004916667
.0915126894
.0680069086
.1119240005
.0839687572
.1255529323
.033292883
0.0465798474
-0.0040756204
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.6331385608, -1
.1196399%6, -2
.3957746495, -3
.4489930627, -3
.8529787379, -3
.2760877998, -1
.6229425892, -1
.1606996909, -1
.0345083229, -2
.8008811186, -0
.4648106819, -0
.9518578719, O
.3721287598, -1

.7475723029, O.
.1369588051, -0.
.1021143739, -0.
.3104359213
.2621605247
-0.
0071207586, O.
.6521338498, -0.
.286417379, 0.
.2912356004
.2531383627
.0589297757, -0.
-0.
.3755398671, -0.
.0412300154, -0.
8535170738, -0.

.47822693,
.0089131203,

.8828728122,
.039567872, -

2
3
.7570314354, 1.
0
0

.2094927205, O.

.6515805436,
.422017902,

.3911583332,
.2396907458,
.0347161992,
.3801098376,
.3412460729,
.6392565397,

.733812989, O.

.6719803933, O.

.9663124077,
.9828260089,
.9006541276,
.844198254¢,
.4334296653,
.8068329682,
.7341510308, O
.2913858485,
.2980937999,
.4503071627,
.5613087394,
.8573464677,
.6029671036,
.3073923577,
.3192561709,
.3353757319,
.9408535023,
.0209438017,
.202003359¢,
.6668025237,
.7703886463,
.9733763763,
.9469355407,
.3696863206,
.1948535646,
.9369843173,
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.7391609289,
.8615801014,
.6184859578,
.0067247071,
.898819158,

.9115516326,
.9969665894,
.1675091957,
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.7193857382, 1.
.8052357855, -0.
.3617756473

.6627473816, -0

.351261812, -0.
.6457503259, -0.
973636533, -0.

9335435656, -0
.5626211109, -0
.264321649,

.1399265621, -0
.5131509599, -0

.826636563,

4641019704,0.
.8891451482,0.
.2456775879,0.
.6359742851,0.
.7423930923,0.
.9523264836,0.
.0169800243,0.
.2669677356,0.
.1849862217,0.
.516470341, O.
.5646272986,0.
.4544738985,0.
.4808486055,0.
.7192176498,0.
.5728162883,0.
.2331469215,0.
.9216466368,0.
.2930237785,0.
.2958770076,0.
.4235022908,0.
.3958863541,0.
.2704260132,0.
.3401711635,0.
.2301637434,0.
.2617722842,0.
.0662060864,0.
.0668740846,0.

-0.
.5701107593
.837060728
.7893670687
.2394884534
.380564054
.5243882882
.339701227

0001385786

0849844544
1590782589

8372174546
1750151843
5720483443
4950173627
5844436412

0819283051
086379963

1233146983
0269988416

5453489925
6747638447
4384890727
4225084102
7100617929



o, -2.4654674251, 2.2037554085,0.
H, -4.8674373407, 1.7765154722,0.



