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T6M TAT 
Bdng tinh lodn li thuyit vd md phdng chiing Idi dd chi ra khd ndng theo ddi qud trinh 

tautome ciia cytosine bdng laser xung cue ngdn sic dung ca che phdt xg sdng hdi bdc cao. 
Phdn lich phd sdng hdi bgc cao phdl ra khi phdn lie cytosine dgng khi tuang tdc vdi laser 
xung cue ngdn cho Ihdy su phu thugc cita nd vdo gdc djnh phuang phdn tic Id rdt khdc 
nhau cho hai Irudng hgp cytosine d trgng thdi imino vd d trgng lhdi atnino. Tiep theo, tinh 
phd sdng hdi bdc cao phdl ra khi cytosine Irong mdt qud trinh tautome Ihu dugc cdc kel 

f ' y y 

qud rdt bdl ngd vd thu vi. Cudng do sdng hdi cd cdc cue dgi gdn cdc trgng thdi cdn bdng 
(imino vd amino) ciing nhu trgng thdi chuyen liep. Phdt hien ndy cd the la cdng cu hihi ich 
cho viec theo ddi qud trinh tautome cua cytosine, mdt trong nhung nguyen nhdn gdy ra dot 
bien gen. 

Tir khda: qua trinh tautome dang amino-imino, cytosine, co sd cua DNA, sdng hai 
bdc cao, laser xung cue ngan. 

ABSTRACT 

Tracking imino-amino tautomerism of cytosine by ultra-short laser 

pulses using high-order harmonic generation 

By theoretical calculations and simulation methods we show the possibility of 
tracking the tautomerism of cytosine by ultra-short laser pulses using high-order harmonic 
generation. By analyzing the calculated high-order harmonic spectra emitted while a 
cytosine molecule in gas phase interacts with ultra-short laser pulses we show that the 
dependence on the molecular alignment is quite different for t^o cases whether cytosine is 
in the either imino or amino stales. This may serve to distinguish the imino/amino states of 
cytosine by ultra-short laser pulses. Next, by calculating high-order harmonic spectra 
emitted by cytosine while being along the chemical reaction path of the tautomerism we 
obtain surprising and interesting results. The high-order harmonic spectra have intensity 
peaks nearby the stable states (imino and amino) as well as the transition state. This 
finding may be a useful tool for tracking the tautomerism, one of reasons for gene mutation 

Keywords: amino-imino tautomerism, cytosine, DNA base, high-order harmonic 
generation, ultra-short laser pulses. 
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1. G i ^ thieu 

Nhd vdo nhung X\kn bp nhanh chdng cua kT thudt tao xung laser cue ngdn trong 
nhung ndm gan day, vdt li hoc thang lhdi gian femto giay da trd ngdnh khoa hoc ddc 
lap, md ra mpt trien vong ldn dl nghien curu cau true nguyen tiiva phdn tir cung 
nhu chup dnh cho cdc qua trinh hda hoc va sinh hoc [I]. Trong nhung nam gdn day, 
sdng hdi bdc cao [2] da dugc quan tdm nghien cuu tir dd da ddn den mot phuang phdp 
mdi de tdch thdng tin cau triic ddng hoc phdn tu vdi do phdn gidi thang thdi gian femto 
gidy. Mot trong nhimg thanh tuu to ldn trong hudng nghien cuu ndy phdi kk ddn cdng 
trinh vk chup dnh cdt ldp ham sdng ngodi cung (HOMO) ciia phdn tu ni-to tu phd sdng 
hai bdc cao [3] Kdt qua nay da dugc xdc nhdn lai bdng cdc tinh todn li thuyit, md 
phdng vd thuc nghiem [4, 5]. Mot ket qua quan trgng khdc Id viec tim ra giao thoa dien 
tu trong phd sdng hdi phdt xa tir phdn tir hai tdm nhu H / [6] dan den phuang phdp mdi 

trong viec trich xuat thdng tin khodng cdch lien hat nhdn bdng laser xung cue ngdn. 
Ngodi ra, phuang phdp vdng lap dd thu lai thdng tin khodng cdch lien hat nhdn dua tren 
sir nhay ciia phd sdng tir sir thay ddi cdc thdng so cdu tnic ciia phan tir da dugc trinh 
bdy trong [7]. Tim kidm mdt khd ndng theo ddi cdc qud trinh ddng hgc phdn tu, phdn 
ling hda hgc, vd qud trinh sinh hgc bang laser xung cue ngdn bdng co che phdt xa sdng 
hdi bdc cao cd y nghia quan trgng trong viec trich xudt thdng tin cdu tnic ddng hgc 
phan tir. Tuy nhien, vdn cd nhieu vdn de ddt ra ddi hdi nhimg nd luc nghien ciiu mdi. 

Trong cdng trinh gan ddy [8], sir dung phuang phdp md phdng chung tdi nhdn 
thdy cudng do HHG phdt xa trong qud trinh chuyen ddng phdn tir HCN sang HNC vd 
nguge lai dat cue dai tai cdc trang thdi cdn bdng (cdc ddng phdn). Ket qud tuong tu cho 
qua trinh ddng phdn hda acetylene/vinylidene ciing dugc trinh bdy. Viec cudng do 
HHG dat cue dai tai cdc trang thdi cdn bdng cua phdn tu Id mgt phdt hien thii vi va theo 
quan diem cua chiing tdi ddy se Id mdt phuang phdp mdi cho viec theo ddi cdc qud 
trinh ddng hgc phdn tu. Vi vdy, viec phdt trien cdc ket qud nay cho cdc qud trinh phuc 
tap ban chdng ban nhu qud trinh tautome cdc ca sd ciia DNA se cd y nghia. 

Nhu chiing ta da biet, DNA Id phdn tur mang thdng tin di huydn cua tdt cd cdc 
dang sinh vdt sdng. Trong phdn tir DNA cd bdn loai co sd: adenine, cytosine, thymine, 
va guanine. Mdi co sd thudng ton tai dudi hai dang ddng phdn ho bien (tautomer): mdt 
dang phd bidn (keto hodc amino) vd mgt dang hidm gdp (enol hodc imino). Qud trinh 
tautome Id qud trinh bidn ddi qua lai giiia mgt cdp hai tautomer (dang phd bidn va hidm 
gap) xay ra do qud trinh chuydn ddng cua nguyen tii hydro giiia cdc vi tri cdn bdng 
trong cdu tnic phdn tur. Cdc dang hiem gdp dii cd thdi gian tdn tai rdt ngdn nhung ndu 
trong thdi gian dd, chiing dugc huy dgng vdo qud trinh tdng hgp DNA thi dgt bien se 
xdy ra vd ddn ddn hdu qud Id thdng tin di tmyen bj thay ddi [9]. Do dd, vi?c fim kidm 
phuong phdp dd cd thd theo ddi vd tdc ddng vdo qud trinh tautome, theo quan diem ciia 
chung tdi, la rdt cdn thidt. 

KT thuat hien dai cho phep tdch rieng ra cdc co sd ndy nhu cdc phdn tu tu do duoi 
dang khi dd khdo sdt cdc tinh chit ciia nd; vi vdy chung tdi ciing sur dung trang thdi khi 
trong cdc tinh todn li thuydt. Cu thd trong bdi bdo nay, chiing tdi se khdo sdt cytosine 
mot trong bdn ca sd cua DNA. Viec tinh todn se diln ra theo hai budc. Ddu tien chiing 
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ldi se md phdng mgt qua trinh tautome tir tr^ng thai ben amino sang trang thdi kem ben 
han imino bdng phuang phdp dgng hgc phdn tir. Sau dd chiing tdi sd cho phdn tOr tuang 
tac vdi laser xung c\rc ngdn (5 fs) lrong suot qua trinh tautome. Tinh todn vd phdn tich 
phd HHG phdt xa tir qud trinh tuong tdc chiing ta mong dgi lirn thdy mgt vdi tin hî u 
ddc bi?t tuong img vdi tr^ng thdi amino, imino, vd chuydn tidp. Ve mdt nguyen tdc 
nhung tin hi?u ndy sd dugc pb^c vu cho vi?c theo ddi qua trinh tautome. 

2. Phu-ong phdp tinh todn 

2.1. Md phdng cdu triic phdn td' cda cytosine vd qud trinh tautome 

Chuang trinh GAUSSIAN vdi tien trinh toi uu hda (Optimization) bdng phuang 
phap DFT cd hi?u chinh B3LYP vd h? hdm co sd 6-31G + (d,p) dugc sir dung dl tim 

cdc trang thdi ben ciia phdn tir cytosine. Cd rat nhieu trang thdi ben vd trang thdi chuyen 
tiep tdn t^i img vdi cdc cî c lieu dja phuang tren da di?n the ndng theo cdc tham sd cau 
tnic phirc t^p cua cytosine. Trong cdng trinh nay, chiing tdi chi quan tdm den trang thai 
ben nhat Id trang thdi amino vd trang thdi imino tuong ling chuyen tiep tir trang thai 
amino de md Id mgt qud trinh tautome cy the. Hinh 1 md td ba trang thdi cua phdn tit 
cytosine md chung tdi quan tdm, trong do vj tri ciia nguyen tir hydro (HIO) quyet dinh 

trang thdi cua phdn tir. Vi tri ciia nguyen tii HIO dugc ddc tnmg bcri gdc cdu tnic 
0„ (ZN3-C4-H10) vd khodng cdch R giCia nguyen tir C4 vd nguyen tii HIO. Chuc 

ndng tdi uu hda ciia GAUSSIAN cho ra ba vj tri cdn bdng cua HIO tucmg umg vdi cac 
trang thdi amino, imino, vd chuyen tidp. 

^ y • » r 

De minh hga sir tdn tai cdc trang thdi amino - chuyen tiep - imino , mf t the ndng 
(PES) trong tga do {R, ^^) cua HIO dugc vd. Dd mdt the ndng chira du ba tr^g thai 

cdn bdng, chi cdn xet gdc cdu tnic 0„ tir 26° ddn 91°, cung nhu khoang cdch R thay 

doi tir 1.4A->2.2A. 

^m^^ ^^^ '^wA^ 

•^A^^ •^^ •^^ 
(•) (b) (c) 

Hinh 1. Phdn tie cytosine & trgng thdi amino (a), imino (b), vd chuyin tiip (c) phu 
thugc vdo vj tri cua nguyen tu HIO, dgc trung b&i gdc cdu true $„ vd khodng -
cdch R. Qud trinh tautome diin ra do su chuyin ddng cua nguyen ft/ HIO 

Do ham the ndng ciia phdn hi theo cdc tga dg cua cac nguyen tir Id rdt phuc tap, 
cho nen de cd PES ta cdn tao mgt mat cdt thich hgp. Trudc tien ta md phdng m t̂ 
dudng phdn ung hda hgc tdi uu (IRC) dich chuydn phdn tu tir trang thdi amino sang 
imino. Sau dd, iing vdi mdi vi tri tren dudng IRC chiing tdi thay ddi khoang cdch K 
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nhung van giG nguyen gdc cdu tnic 9„ de cd dugc cdc vi tri khdc nhau ciia nguyen tir 
HIO. Tai thdi diem dd, vi tri cua cdc nguyen tir khdc trong phdn tu van dugc cd dinh. 
Nhu vdy, mdi vj tri (/?, G„) se tuong ung vdi mgt cau true xac dinh ciia cytosine. Cudi 

ciing tinh todn the ndng ciia cytosine nhu Id mgt ham cua tga dg cdu true [R, 6^) tai 

moi diem. Ddy chinh Id PES, cdi ma chira dvmg cac trang thdi cdn bdng (amino, imino, 
va chuyen tiep) tai cdc vj tri cyc lieu cua the ndng. 

Thyc ra qud trinh tautome la qud trinh thay ddi mdi lien ket giiia HIO - N9 vd 
HIO - N3. De md phdng qud trinh tautome ndy, chiing tdi cd the cung cdp dgng ndng 
ban ddu cho nguyen tir HIO de thodt khdi rdo the, bin ra khdi mdi lien ket vdi nguyen 
tii N3, di chuyen dd lien kit vdi nguyen tir N9 • d ddy, chiing tdi khdng quan tdm din 
CO cbl cung cap ddng ndng. Ngodi ra, gan diing Bom-Oppenheimer dugc dimg khi md 
phdng qud trinh ndy. Tron^ GAUSSIAN cd tich hgp phuang phdp DFT dl md phdng 
ddng luc phdn tir kit hgp gdn diing Bom-Oppenheimer trong mgt tiln trinh dugc ggi Id 
BO-MD. D I khdo sdt phdn tir khi tuang tdc vdi laser trong qud trinh ddng, mdt qud 
trinh tautome cu the dugc md phdng bdng phuang phdp ndy. 

2.2. Tinh todn phd sdng hdi bgc cao su dung md hinh Lewenstein 
Md hinh ba budc Lewenstein [2] dugc sii dung dl tinh sdng hdi bdc cao phdt ra 

khi phdn tir tuang tdc vdi laser hdng ngoai budc sdng 800nm cudng do dinh rdt ldn 
~ 2x 10'̂  W/cm' vd do ddi xung cyc ngdn ca 5 femto gidy. 

Theo md hinh ba budc, ddng gdp chinh trong phd phdt xa sdng hdi bdc cao bao 
gdm ba qud trinh: (1) tmdc tien dien tir ldp ngodi cimg (HOMO) bi i-dn hda theo ca 
cbl xuyen hdm dugc gidi phdng ra miln ndng lugng lien tuc; (2) sau dd bd qua tuong 
tdc Coulomb so vdi tmdng manh ciia laser, dien hi dugc gia tdc trong tmdng dien vd 
thu ndng lugng; (3) cuoi ciing, khi laser ddi chilu dien tmdng, dien tir quay lai tuong 
tdc vdi i-dn me vd phdt ra laser thii cdp vdi phd tdn sd Id bdi sd le ciia tdn sd laser ban 
dau. Md hinh ndy khdng nhihig cho gidi thich dinh tinh phdt xa sdng hdi bdc cao md 
cdn Id ca sd cho phuang phdp gidi tich, tinh phd phdt xa nay. Phuang phdp Lewenstein 
da dugc sir dyng thdnh cdng trong nhilu cdng trinh tmdc ddy cua chung tdi [7, 8] cho 
nen d ddy se khdng nhdc lai cdc cdng thiic tinh todn. Trong cdc tinh todn, thdnh phdn 
quan trgng lien quan din phdn tir Id md-men luang cyc dugc tinh giiia ham sdng ty do 
va ham sdng ciia dien tir ldp ngodi ciing. Bdn thdn hdm sdng cua HOMO se dugc tinh 
bdng phuang phdp DFT vdi hieu chinh B3LYP vd h? hdm co sd 6 - 31G + (d, p). 

Hinh 2 Id so do tuong tdc giura laser vd phdn tir. Tmdc tien, phdn tii se dugc dinh 
phuang trong mat phdng vudng gdc vdi phuang tmyin cua laser chieu vdo. Gdc dinh 
phuang 0 dugc dinh nghTa Id gdc hgp bdi vec-to phdn cue ciia laser vd mdi lien ket 
N1-C2.VI nguyen tdc, do phdn tu cytosine khdng doi xiing, ta cdn khdo sdt gdc 0 
trong todn miln thay ddi, tuy nhien do vec-to phdn cyc tmdng dien ciia laser tudn hodn 
vd ddi chilu sau mdi nira chu ki cho nen HHG khdng thay ddi qua phep dich chuyin 

I 180° gdc dinh phuang. Do vay, ta chi cdn xet gidi ban trong khodng tir 0° ^180° 
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\ nscr 

Hinh 2. Sa dd thi nghidm. Phdn tic dugc dinh phuomg sao cho ludn vudng gdc v&i 
laser t&i, theo true Oz Gdc dfnh phuomg 9 Id gdc hgp giita vec-to phdn cue v&i 
mdi lien ket N1-C2 

3. Ket qua vd thao luan 
3.1. Mgt the nang vd c&u true cdc trgng thdi tautomer ciia cytosine 

Sii dyng chiic ndng tdi uu hda trong chuang trinh GAUSSIAN, chiing tdi dp dyng 
phuang phdp DFT de tinh todn vd tim dugc ba trang thdi cdn bdng cua cytosine (amino, 
chuyin tilp, vd imino), cdc thdng sd cdu tnic dugc trinh bdy trong bdng 1. Cdc ket qua 
phii hgp tdt vdi nhimg md phdng khdc [10] cung nhu vdi thyc nghi?m X-ray [11]. 

Bang 1. Cdu true cua cytosine tucmg itng v&i trgng thdi amino. Khodng 
cdch tinh theo angstrom cdn gdc Id tinh theo do 

r(Nl-C2) 
r(C2-N3) 
r(N3-C4) 

r(C4-C5) 

r(C5-C6) 

r(C6-Nl) 

r (C2-08) 

r(C4-N9) 
ZC6-N1-C2 

ZN1-C2-N3 

ZC2-N3-C4 

ZN3-C4-C5 

ZC4-C5-C6 

ZC5-C6-N1 

ZN1-C2-08 

ZN3-C4-N9 

Bdi ndy 

1.427 
1.371 

1.322 

1.442 

1.361 

1.356 

1.224 

1.360 

123.3 

116.4 

120.4 

123.9 

116.1 

120.0 

118.1 

117.0 

[10] 
1.414 

1.358 

1.315 

1.426 

1.356 

1.342 

1.221 

1.353 

123.5 

116.2 

120.6 

123.7 

115.9 

120.1 

118.0 

117.6 

[H] 
1.392 

1.358 

1.339 

1.433 

1.357 

1.360 

1.237 

1.324 

121.2 

118.6 

120.5 

121.5 

117.0 

121.2 

118.9 

118.3 
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^ Bdng 1 chi dua ra mgt vdi sd lieu de so sdnh vdi thyc nghiem, tuy nhien chiing tdi 
cd ddy dil cdc sd li?u ciia cdc vj tri ciia tat cd cdc nguyen tii trong phdn tir cytosine. Cy 
thi, tga do ciia nguyen tir HIO tuong umg vdi ba tr^ng thai cdn bdng thu dugc nhu sau: 

0 0 

(i) trang thdi amino (i? = 2.04 A, 6*̂  =91.1°); (ii) trang thdi imino (7? = 2.07 A, 

^^=26.1°); (iii) vd trang thdi chuyin tilp (i? = 1.69 A, ^^ =50.4°). Tiln trinh 
'Optimization' ciia GAUSSIAN ciing cho phep ta tinh todn ndng lugng giiia cdc trang 
thdi cua phdn tir. Cho trang thdi amino vd trang thdi imino, chiing tdi thu dugc ndng 
lugng tuong quan Id 0.08 eV, phii hgp tot vdi cdc kit qud thyc nghiem Id 
2 kcal/mol (0.0867 eV) [12]. Ngodi ra, chiing tdi cung thu dugc ndng lugng tucmg 

quan Id 1.87 eV giiira trang thdi chuyin tilp va trang thai amino. Vi vdy, chung tdi cd 
thi kit ludn rdng thdng sd cdu tnic ciia phdn tir cytosine dugc tinh todn tir phuang phdp 
neu ra d tren Id ddng tin cdy dk sir dung cho cac tinh loan tilp theo trong cdng trinh 
ndy. 

30 40 SO M 70 BO 
Structure angt «Jd«graM) 

Hinh 3. Mdt thi ndng (PES) cua phdn tit cytosine. Cdc v/ tri cue tiiu ndng lugng 
0 

tuang img v&i cdc trgng thdi cdn bdng: amino (R = 2.0A A, ^^ =91.1 ,̂ vd 
0 0 

imino (R = 2.07 A, 0„ =26.1°/ Diim yen ngua (R = \.69 A, ^^ =50.4 ; tuang 
ieng v&i trgng thdi chuyin tiip. Du&ng IRC (mdu xanh dam) di qua tdt cd cdc 
trgng thdi cdn bdng cua phdn tu cytosine 
Hinh 3 thi hien mat thi ndng (PES) cua cytosine theo vi hn cua nguyen hi hydro 

HIO. Nhu da ndi trong phan phuomg phdp, hdm thi ndng cua cytosine theo cdu tnic 
phdn hi rdt phiic tap, cd nhilu cue tiiu dia phuang thi hifn cdc trang thdi can bdng umg 
vdi cdc tautomer cua phan hi. PES h"oiig hinh 3 Id mdt mdt cdt ttong vimg chung ta 
quan tdm vd mang tinh minh hga. Ta thdy tdn tai hai cue tiiu ndng lugng vd mdt dilm 
yen ngua d vi tri thi hi?n cdc trang thdi amino, imino vd chuyin tilp. Hinh 3 ciing thd 
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hi?n dudng chuyen dgng toi uu (IRC) ndi trang thdi amino din imino qua t r^g thdi 
chuyen tiep. 

3.2. Suphg thugc cda phS sdng hdi bgtc cao vdo gdc dinh phuong 

Phd sdng hdi bdc cao phdl ra do phdn lir cytosine lucmg tdc vdi xung laser cyc 
ngdn dugc tinb todn bdng md hinh Lewenstein. 0 day, chiing tdi tinh todn cho ba 
tmdng hgp cua phan tir cytosine d cdc trang thdi cdn bdng (amino, imino) vd trang thai 
chuyen tilp. So do thi nghi?m vd cdc thdng so cua laser dugc md td trong phan 2.2. Pho 
HHG thu dugc cd ddng di?u ddc trung, ngdt d b^c 33, phii hgp vdi li thuyit. Hinh 4 
trinh bay sy phu thugc ciia cudmg dg HHG cho cdc b$c 23, 25, vd 27 vdo gdc djnh 
phuang 6, thay ddi tir 0° din 180" Cudng dg HHG dat cyc dai tai gdc djnh phuang 
e ~ 50" va ^ ~ 130° ^135° cho tr^ng thai imino, 9 - 40° vd (9 - 144° ^ 148° cho trang 
thai chuyin tilp, (̂  ~ 32° -> 36" vd ^ ~ 71° -> 75° cho trang thdi amino. 

0 30 60 90 120 160 180 

Alignment sngla /'(d*gr*«*) 

Hinh 4 Su phu thugc cua cudng dg HHG vdo gdc dinh phuang v&i cdc bdc 23 
(dudmg lien net). 25 (dudng liin net v&i biiu tugng •),vd27 (du&ng vgch vgch) itng 
vdi trgng thdi cytosine-imino (a), trgng thdi chuyin tiip (b), vd cytosine-amino (c) 
Sy phy thugc cua cudng dg HHG vdo gdc djnh phuang nhu trong hinh 4 cho 

phep phdn bift cdc t r^g thdi cua phdn tii cytosine, dii Id trang thdi imino, amino, hay 
trang thdi chuyin tilp. 

3.3. Theo doi qud trinh tautome bdng laser xung cue ngdn 

Chung tdi cho xung laser tuong tac vdi phdn hi trong suot qud trinh tautome va 
tinh phd HHG tuong umg vdi cdc gdc dinh phuang 9 khac nhau tir 0° din 180° Quy 
dao cua nguyen tii HIO trong suot qud trinh tautome dugc ggi Id duong phdn irng hda 
hgc (CRP), tren dd mdi vi tri cua nguyen hi HIO tuong img vdi mgt cdu tnic phdn tir 
cy the cd mdt the ndng xdc dinh. 
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Hinh 5 chi sy phu thugc cua cudng do HHG vdi cac bac 23 vd 25 vdo cd gdc dinh 
phuang 9 vd gdc cdu tnic 9^ Nhu da trinh bdy d tren, vi tri cua nguyen tir HIO dugc 
xdc dinh bang khodng cdch R vd gdc cdu tnic 9„ Tuy nhien, trong qua trinh tautome 
nguyen tir hydro dugc cd dinh tren CRP, vi v^y ton tai mgt sy ban cbl R{9f^). Do dd, 

> r •) 

chiing ta chi cdn gdc cdu tnic de xdc dinh vi tri cua nguyen tir HIO. Chiing tdi nhdn ra 
cac cyc dai cua cudng dg HHG gdn vdi cdc vi tri cua gdc dinh phuang ^ -50° , 
^ ~ 70°, vd ^ ~ 135° Ket qud nay phii hgp vdi cdc ket qud da dugc trinh bdy tren hinh 
4 khi xem xet sy phy thugc cua cudng d^ HHG vdo gdc dinh phuang cho cdc trang thai 
can bdng cua phdn tir cytosine. 

Tilp theo xem xet sy phy thudc vdo gdc cdu triic ^^ trong hinh 5, chiing tdi nhan 

ra rdng cho gdc dinh phuang vdo cd ^ ~ 50°, cudng d^ HHG dat cyc dai tai gdc 
Off ~ 26° phii hgp vdi trang thdi imino ciia cytosine. Chiing tdi cung nhdn ra rdng 

cudng do HHG dat cyc dai tai gdc 9ff -51° phii hgp vdi trang thdi chuyen tilp, vd tai 

Off ~ 90° phii hgp vdi trang thdi amino ciia phdn tii cytosine. 

Nhu vdy, qua cdc phdn tich dtr lieu HHG thu dugc nhu tren, ta thdy kha ndng theo 
ddi qud trinh tautome cua phdn tir cytosine bdng laser xung cyc ngdn dya vdo su tdn tai 
cdc cyc dai ciia cudmg do HHG gdn vdi cdc cdu tnic cdn bang. Viec gidi thich cdc cyc 
dai ndy se dugc tiln hdnh trong cdc cdng trinh tilp theo. 6 ddy chiing tdi dy dodn bdn 
chdt ciia cdc cyc dai ndy lien quan den tdc do i-dn hda. Mdt phdn tir d trang thdi cdn 
bdng cd khd ndng xuyen hdm cao horn cdc trang khdc, dd Id li do tai sao cudng do HHG 
dat cyc dai tai cdc trang thdi ndy. 

30 40 M to 70 M 90 
Structural angle 0^ on IRC (degrMS) 

30 40 so M 70 to to 

Structural angle 6,^ on IRC (degrees) 

Hinh 5. Su phu thudc ciia cudng do HHG vdo gdc dinh phuang 9 vd gdc cdu true 
9ff trong sudt qud trinh tautome cho cdc bdc 23 (a) vd 25 (b). Hinh ndy chi ra rdng 
chung ta cd thi theo ddi qud trinh tautome bdng viec do dgc cu&ng do HHG 
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4. Ket luan vd hudtig phdt trien 

Trong cdng trinh ndy, bdng vi?c sir dyng phuang phap DFT vdi hieu chinh 
B3LYP vd h? hdm co sd 6-3IG + (d,p) dugc tich hgp trong chuang trinh 

GAUSSIAN, chiing tdi dd md phdng cau true cung nhu mdt Ihl ndng ciia cdc trang thai 
can bdng amino, imino va trang thai chuyin tiep. Kel qud nay phii hgp vdi dii Ii?u thuc 
nghiem va md phdng ciia nhihig tac gid khac. Sir dung xdp xi Bom-Oppenheimer vdi 
phuang phdp dpng hgc phdn lir, chiing ldi cung dd md phdng dugc qua trinh tautome tir 
trang thai amino sang tr^ng thai imino. 

Phd HHG phdl xa khi phdn tir cytosine luomg tdc \ di laser 800nm dg ddi xung 5 
fs, cudng do dinh ~ 2x10'^ W/cm' dugc tinh todn dya tren md hinh Lewenstein. Sir 
phu thudc cua cudng dp HHG vdo gdc djnh phuomg cho hai trang thdi cdn bdng (amino 
vd imino) va trang thai chuyen tilp dd dugc tim ra. Vdi dieu dd chiing tdi cd the sii 
dyng su phy thugc ciia cudng do HHG vdo gdc djnh phuang de phdn bi?t cdc trang thai 
ddc trung ciia cytosine (cdc tautomer). 

HHG phdt xa khi phdn tir cytosine tuong tdc vdi laser xung cyc ngdn trong qua 
trinh tautome da dugc tinh todn. Sy phu thudc cua cudng do HHG vdo gdc djnh 
phuang vd gdc cdu tnic dd dugc phdn tich cho thdy tdn tai cdc cue dai tai cdc trang thai 
cdn bdng (amino, imino) vd trang thdi chuyin tilp. Kit qud ndy md ra mdt khd ndng 
theo ddi qua trinh tautome bdng laser xung cyc ngdn sir dung ca cbl phdt xa sdng hai 
bdc cao. Trong cdc cdng trinh tilp theo, chiing tdi sd co gdng ldm sang td y nghia vat li 
cua cdc cyc dai ndy ciia cudng dg HHG. 

Ghi chd: Cdng trinh ndy thudc di tdi thuc hi?n du&i su tdi trg cita Quy phdt triin khoa 
hgc vd cdng ngh? qudc gia (NAFOSTED), md sd 103.01.20.09. 
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