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THEO DOI QUA TRINH TAUTOME DANG IMINO-AMINO
CUA CYTOSINE BANG LASER XUNG CUC NGAN
SU DUNG CO CHE PHAT XA SONG HAI BAC CAO

NGUYEN THI HIEN', HOANG VAN HUNG",
HOANG DO NGOC TRAM ™, LE VAN HOANG ™™

TOM TAT

Bang tinh todn Ii thuyet va mo phong chung toi da chi ra kha nang theo doi qua trinh
tautome cua cytosme bang laser xung cwc ngan sir dung co ché phdt xa séng hai bdc cao.
Phdn tich phé séng hai bdc cao phdt ra khi phdn ti cytosine dang khi tuwong tdc véi laser
xung cwe ngan cho thdy sw phu thugc ciia né vao géc dinh phwong phan tir la rdt khdc
nhau cho hai truong hop cytosine & trang thdi imino va ¢ trang thai amino. Tiép theo, tinh
phé song hai bdc cao phat ra khi cytoszne trong mot qud trinh_tautome thu dwoc cdc két
qud rat bat ngo va thii vi. Cuong d¢ song hai ¢o cdc cyc dai gan cdc trang thai can bang
(imino va amino) ciing nhi trang thdi chuyén tiép. Phdt hién nay c6 thé la cong cu hivu ich
cho viéc theo doi qua trinh tautome cua cytosine, mot trong nhitng nguyén nhdn gay ra dot
bién gen.

Tir khoa: qua trinh tautome dang amino-imino, cytosine, co s& cua DNA, song hai
bac cao, laser xung cuc ngén.

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 two cases whether cytosine is
in the either imino or amino states. 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.  Gidi thi¢u

Nho vao nhing tién bo nhanh chéng cua ki thuat tao xung laser cuc ngan trong
nhitng nim gan day, vat 1i hoc thang thoi gian femto gidy da tro nganh khoa hoc doc
1ap, m& ra mot trién vong 16n dé nghién ciru cdu triic nguyén tir va phén tr ctng
nhu chup anh cho cac qua trinh héa hoc va sinh hoc [1]. Trong nhitng nim gan day,
song hai bac cao [2] dd duoc quan tim nghién ciru tir 46 di dn dén mot phuong phap
moi dé tach thong tin ciu trac dong hoc phan tir vi d6 phan giai thang thoi gian femto
gidy. Mot trong nhitng thanh tyu to 16n trong huéng nghién ciru nay phai ké dén cong
trinh vé chup anh cat 16p ham séng ngoai cing (HOMO) ciia phan tir ni-to tir phd song
hai bac cao [3]. Két qua nay d3 duoc xac nhan lai bang cac tinh toan li thuyét, mo
phong va thuc nghiém [4, 5]. Mot Kkét qua quan trong khac 1a vi¢c tim ra giao thoa dién
tir trong pho séng hai phat xa tir phan tir hai tim nhu H," [6] dan dén phuong phap mai
trong viéc trich xudt thong tin khoang cach lién hat nhan bang laser xung cyc ngan.
Ngoai ra, phuong phap vong lap dé thu lai thong tin khoang cach lién hat nhan dya trén
su nhay ctia phd song tir su thay d6i cac thong sd cdu tric cua phan tir dd duoc trinh
bay trong [7]. Tim kiém mot kha nang theo doi cac qua trinh dong hoc phén twr, phan
g héa hoc, va qua trinh sinh hoc bang laser xung cuc ngan bang co che phat xa song
hai bac cao co y nghia quan trong trong viéc trich Xuat thong tin ciu triic dong hoc
phan tir. Tuy nhién, van c6 nhiéu van dé dit ra doi hoi nhitng nd luc nghién ciru méi.

Trong cong trinh gan day [8], s dung phuong phap mé phong ching t6i nhan
thdy cuong d6 HHG phat xa trong qua trinh chuyén dong phan tr HCN sang HNC va
nguoc lai dat cuc dai tai cac trang thai can bang (cac dong phan). Két qua tuong tu cho
qua trinh dong phan héa acetylene/vinylidene ciing dugc trinh bay. Viéc cuong do
HHG dat cuc dai tai cac trang thai can béng cua phan tir [a mot phat hién thu vi va theo
quan diém cta chung to6i ddy s& 1a mot phuong phap mdi cho viée theo ddi cac qua
trinh dong hoc phan tir. Vi vy, viéc phat trién cac két qua niy cho cac qua trinh phuc
tap hon ching han nhu qua trinh tautome céac co so cia DNA s& ¢6 y nghia.

Nhu chiing ta dd biét, DNA la phan tir mang thong tin di truyén cia tit ca cac
dang sinh vat sdng. Trong phan tir DNA c6 bdn loai co s: adenine, cytosine, thymine,
va guanine. Mdi co so thudng ton tai dudi hai dang dong phan hd bién (tautomer): mot
dang pho bién (keto hodc amino) va mot dang hiém gip (enol hodc imino). Qua trinh
tautome 1a qua trinh bién d6i qua lai gitra mot cap hai tautomer (dang phd bién va hiém
gdp) xay ra do qua trinh chuyén dong cua nguyén tir hydro gitta cac vi tri can bang
trong cau tric phan tir. Cac dang hiém gap du co thoi gian ton tai rat ngan nhung néu
trong thoi gian d6, chiing duoc huy dong vao qua trinh tong hop DNA thi dot bién s&
xay ra va dan dén hau qua 1a thong tin di truyén bi thay doi [9]. Do d6, viéc tim kiém
phuong phap dé co thé theo ddi va tac dong vao qua trinh tautome, theo quan diém cia
chung t6i, 13 rat can thiét.

K7 thuét hién dai cho phép tach riéng ra cic co s& nay nhu cac phan tu ty do duoi
dang khi dé khao sat cac tinh chat cia no; vi vay chiing t6i ciing st dung trang thai khi
trong cac tinh toan 1i thuyét. Cu thé trong bai bao nay, chung t6i s& khao sat cytosine
mot trong bdn co sd ctia DNA. Viéc tinh toan sé& dién ra theo hai budc. Pau tién ching
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t61 s€ mo phong mot qua trinh tautome tir trang thai bén amino sang trang thai kém bén
hon imino bang phuong phap dong hoc phan tir. Sau d6 chung toi s& cho phan tir trong
tac v6i laser xung cuc ngin (5 fs) trong sudt qué trinh tautome. Tinh toan va phan tich
phé HHG phat xa tir qua trinh twong tac chiing ta mong doi tim thidy mot vai tin hiéu
dac bi¢t tuong Uing véi trang thai amino, imino, va chuyén tiép. V€ mat nguyén tac
nhirng tin hi€u nay s€ dugc phuc vu cho viéc theo doi qua trinh tautome.
2. Phwong phap tinh toan
2.1. Mé phéng céu trisc phin tir ciia cytosine va qud trinh tautome

Chuong trinh GAUSSIAN véi tién trinh t6i vu hoa (Optimization) bang phuong
phép DFT ¢6 hi¢u chinh B3LYP va hé ham co s¢ 6-31G +(d,p) duoc st dung dé tim
céc trang thai bén ciia phan tir cytosine. C6 rat nhiéu trang thai bén va trang thai chuyén
ti€p ton tai ng vai céac cuc tiéu dia phuong trén da dién thé nang theo cac tham so cau
triic phtre tap cua cytosine. Trong cong trinh nay, chung t61 chi quan tdm dén trang thai
bén nhat 1a trang thai amino va trang thai imino twong Gmg chuyén tiép tur trang thai
amino dé mo tad mdt qua trinh tautome cu thé. Hinh 1 mo ta ba trang thai cua phan tir
cytosine ma ching t6i quan tam, trong do vi tri ciia nguyén tir hydro (HIO) quyét dinh
trang thai clia phan tir. Vi tri ciia nguyén tor HI10 dugc dic trung boi goc cau tric
6, (4N3—C4—H10) va khoang cach R gitra nguyén tor C4 va nguyén to H10. Chiic
ning t6i wu hoa ctia GAUSSIAN cho ra ba vi tri can bang ciia H10 twong ung voi cac
trang thai amino, imino, va chuyén tié€p.

Pé minh hoa su ton tai cac trang thai amino — chuyén tiép — imino , mat thé nang
(PES) trong toa do (R, GH) ctia H10 duogc v&. Dé mit thé nang chira du ba trang thai

can bang, chi can xét géc cau triic 6, tir 26° dén 91°, ciing nhu khoang cach R thay

, 0 0
doitr 1.4A —>22A.

(b)

Hinh 1. Phdn tir cytosine & trang thdi amino (a), imino (b), va chuyén tiép (c) phu

thudc vao vi tri ciia nguyén tir H10, ddc trung boi géc cdu tric 0, va khoang

cach R. Qud trinh tautome dién ra do sw chuyén dong ciia nguyén tir H10

Do ham thé ning cta phéan tir theo cac toa dd ctia cic nguyén tir 1a rat phuc tap,
cho nén dé co6 PES ta can tao mot mit cét thich hop. Trudc tién ta mdé phéng mot
dudng phan tng héa hoc t6i wu (IRC) dich chuyén phan tir tir trang thai amino sang
imino. Sau d6, tmg véi mdi vi tri trén duong IRC chung toi thay d6i khoang cach R
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nhung van giir nguyén goc cau trac 6, dé cé duge cac vi tri khac nhau cua nguyén tir
H10. Tai thoi diém d6, vi tri cua cac nguyén tir khac trong phan tir van duoc ¢b dinh.
Nhu vay, mdi vi tri (R, 6,,) s& tuong tmg v6i mot cau tric xac dinh cla cytosine. Cubi
cung tinh toan thé nang cua cytosine nhu 1a mot ham cua toa do cAu trac (R, QH) tai
moi diém. Pay chinh 1a PES, cai ma chira dung cac trang thai can bang (amino, imino,
va chuyén ti€p) tai cac vi tri cuc tiéu cua thé nang.

Thuc ra qua trinh tautome 1 qua trinh thay doi mdi lién két gitra H10 — N9 va
H10 — N3. Bé mo6 phong qué trinh tautome nay, chung t6i cd thé cung cap dong nang
ban dau cho nguyén tir H10 dé thoat khoi rao the, bt ra khoi moi lién két véi nguyén
tir N3, di chuyén dé lién két voi nguyén tir N9 . O day, ching tdi khong quan tim dén
co ché cung cap dong nang. Ngoai ra, gan dung Born-Oppenheimer duoc dung khi mo
phong qua trinh nay. Trong GAUSSIAN c6 tich hop phuong phap DFT dé mo phong
dong luc phan tur két hop gan ding Born-Oppenheimer trong mot tién trinh dugc goi 1a
BO-MD. Pé khao sat phan tir khi twong tac véi laser trong qua trinh dong, mot qua
trinh tautome cu thé dugc mo phong bang phuong phép nay.

2.2. Tinh todn pho séng hai béc cao sir dung mé hinh Lewenstein

Mo hinh ba budc Lewenstein [2] dugc sir dung dé tinh song hai bac cao phat ra
khi phan tir twong tac v6i laser hdng ngoai budc song 800nm cuong do dinh rat 16n
0 2x10"W/em? va d6 dai xung cuc ngin ¢& 5 femto gidy.

Theo mé hinh ba budc, dong gop chinh trong phd phat xa séng hai bac cao bao
gom ba qua trinh: (1) trude tién dién tir 16p ngoai cung (HOMO) bi i-6n héa theo co
ché xuyén ham duoc giai phong ra mién ning luong lién tyc; (2) sau d6 bo qua tuong
tac Coulomb so voi truong manh cua laser, dién tir dugc gia téc trong truong dién va
thu néng lugng; (3) cudi cung, khi laser doi ch1eu dién truong, dién tir quay lai tuong
tac voi i-0n me va phat ra laser thir cip v6i pho tan sé 13 boi s6 1é cua tan sb laser ban
dau. M6 hinh nay khong nhiing cho giai thich dinh tinh phat xa song hai bac cao ma
con 1 co sé cho phuong phép giai tich, tinh phd phat xa nay. Phuong phap Lewenstein
da duoc su dung thanh cong trong nhiéu cong trinh trude ddy cua ching toi [7, 8] cho
nén & day s& khong nhic lai cac cong thirc tinh toan. Trong cac tinh toan, thanh phan
quan trong lién quan dén phan tr 13 mé-men ludng cuc duoc tinh giita ham soéng tu do
va ham song cua dién tir 16p ngoai cung. Ban than ham song cua HOMO s& dugc tinh
bang phuong phap DFT véi hiéu chinh B3LYP va hé ham co s¢ 631G +(d,p).

Hinh 2 1a so d6 twong tic gitra laser va phan tir. Trude tién, phan tir s& dugc dinh
phuong trong mit phiang vudng goc voi phuong truyén cua laser chiéu vao. Goéc dinh
phuong @ duoc dinh nghia 1a goc hop boi véc-to phan cuc cta laser va mdi lién két
N1-C2.Vé nguyén tic, do phéan tir cytosine khong ddi xtng, ta can khao sat goc 6
trong toan mién thay di, tuy nhién do véc-to phan cyc trudng dién cua laser tudn hoan
va d6i chiéu sau mdi nira chu ki cho nén HHG khéng thay d6i qua phép dich chuyén
180° goc dinh phuong. Do vay, ta chi can xét gidi han trong khoang tir 0° — 180° .
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3.

3.1

Hinh 2. So' do thi nghiém. Phdn tir dhege dinh phwong sao cho luén vuéng goc véi
laser 161, theo tryc Oz . Goc dinh phwong 0 la goc hop giita véc-to' phan cuc voi
moi lién ket N1-C2

Két qua va thao luin

MGt thé ning va cdu tritc cdc trang thdi tautomer ciia cytosine

St dung chice nang t6i wu héa trong chuwong trinh GAUSSIAN, chung t6i ap dung

phuong phap DFT dé tinh toan va tim dugc ba trang thai can bang cua cytosine (amino,
chuyén tlep, va imino), cac thong sd cdu trac duge trinh bay trong bang 1. Cac két qua
phu hop tot v6i nhitng mo phong khéc [10] ciing nhu voi thue nghiém X-ray [11].

82

Bing 1. Cdu triic ciia cytosine twong tng voi trang thdi amino. Khodng
cdch tinh theo angstrom con goc la tinh theo do
Bainay [10] [11]

r(N1-C2) 1.427 1.414 1.392
r(C2-N3) 1.371 1.358 1.358
r(N3-C4) 1.322 1.315 1.339
r(C4-C5) 1.442 1.426 1.433
r(C5-C6) 1.361 1.356 1.357
r(C6—N1) 1.356 1.342 1.360
r(C2-08) 1.224 1.221 1.237
r(C4-N9) 1.360 1.353 1.324
ZC6—-N1-C2 1233 123.5 121.2
ZNI-C2-N3 1164 116.2 118.6
ZC2-N3-C4 1204 120.6 120.5
/ZN3-C4-C5 1239 123.7 121.5
ZC4-C5-C6 116.1 115.9 117.0
ZC5-C6—-N1 120.0 120.1 121.2
/ZN1-C2-08 118.1 118.0 118.9
/N3-C4-N9 117.0 117.6 118.3
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Béang 1 chi dua ra mot vai s6 liéu dé so sanh vai thuc nghiém, tuy nhién chung toi
c6 day du céc so li€u cua cac vi tri cua tat ca cac nguyén tu trong phan tir cytosine. Cu
the, toa d§ cia nguyén tor H10 tuong tng vdi ba trang thai can bang thu dugc nhu sau:

0 0
(i) trang thai amino (R=2.04 A, 6,=91.1"); (ii) trang thai imino (R=2.07 A,

0, =26.1"); (iii) va trang thai chuyén tiép (R=1.69 /gx, 6, =50.4"). Tién trinh
‘Optimization’ cua GAUSSIAN ciing cho phép ta tinh toan nang luong gilta cac trang
thai cua phén tir. Cho trang thai amino va trang thai imino, ching t61 thu dugc nang
luong tuong quan la 0.08 eV, phu hop tot voi cac két qua thuc nghiém Ia
2 kcal/ mol(0.0867 eV) [12]. Ngoai ra, chung t6i ciing thu duoc ning luong tuong

quan la 1.87 eV gifra trang thal chuyén tiép va trang thai amino. Vi vdy, ching t6i co
thé két luan rang thong s cu trac cua phan tir cytosine duoc tinh toan tir phuong phap
néu ra & trén 1a dang tin cdy dé st dung cho cac tinh toan tiép theo trong cong trinh
nay.

sedg®  R=169 A

.".:. s B, =304

1.68

Distance C-H (armstrong)

30 40 50 60 70 80 20
Structure angle ¢, (degrees)

Hinh 3. Mt thé nang (PES) ciia phdn tir cytosine. Cdc vi tri ciee tiéu ning lwong
. 0
tuwong vmg Vvéi cdc trang thdi can bang: amino (R=2.04 A, 6, =91.1°), va

imino (R=2.07 g, 0, =26.1°). Piém yén ngwa (R =1.69 12;, 0, =50.4°) twong

g véi trang thdi chuyén tiép. Puong IRC (mau xanh ddm) di qua tat ca cdc

trang thai can bang ciia phdn ti cytosine

Hinh 3 thé hién mat thé ning (PES) cia cytosine theo vi tri cuia nguyén tir hydro
H10. Nhu da noi trong phan phuong phap, ham thé nang cia cytosine theo cau tric
phan tir rt phic tap, c6 nhiéu cyc tiéu dia phuong thé hién cac trang thai can bang tng
véi céac tautomer cua phan tir. PES trong hinh 3 la mot mat cit trong ving chung ta
quan tdm va mang tinh minh hoa. Ta thiy ton tai hai cuc tiéu nang luong va mot diém
yén ngua & vi tri thé hién cac trang thai amino, imino va chuyén tiép. Hinh 3 ciing thé
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hién duong chuyén dong t6i wu (IRC) ndi trang thai amino dén imino qua trang thai
chuyén tiép.
3.2. Swphu thujc ciia pho séng hai bic cao vao géc dinh phwong

Phd song hai bac cao phat ra do phén tir cytosine twong tac voi xung laser cuc
ngan dugc tinh toan bang mé hinh Lewenstein. O day, chung to1 tinh toan cho ba
truong hop cua phan tur cytosine ¢ cac trang thai can bang (amino, imino) va trang thai
chuyén tiép. So dd thi nghiém va céc thong so cua laser dugc mo ta trong phan 2.2. Pho
HHG thu dugc c6 dang diéu dac trung, ngat ¢ bac 33, phu hop voi li thuyet. Hinh 4
trinh bay sy phu thudc cia cuong d0 HHG cho cac bac 23, 25, va 27 vao goc dinh
phuong 6, thay doi tir 0° dén 180°. Cuong d6 HHG dat cuc dai tai goc dinh phuong
0150° va #0130° —135° cho trang thai imino, @0 40° va @[ 144° - 148" cho trang
thai chuyén tiép, 61 32° —36° va 00 71° — 75° cho trang thai amino.

T T T T T
(a) Cytosine-imino H23
gt ~ —@—Hz2s
!
\ - = Ha27
~

HHG intensity (arb. units)

0 30 60 90 120 150 180
Alignment angle @ (degrees)

Hinh 4. Su phu thudc cua cuwong do6 HHG vao goc dinh phuwong voi cac bdc 23

(deong lién nét), 25 (dwong lién nét véi biéu twong ), va 27 (dwong vach vach) g

Véi trang thdi cytosine-imino (a), trang thdi chuyén tiép (b), va cytosine-amino (c)

Su phu thudc cia cuong d0 HHG vao goc dinh phuong nhu trong hinh 4 cho
phép phan biét cac trang thai cua phén tir cytosine, du la trang thai imino, amino, hay
trang thai chuyén tiép.

3.3. Theo déi qud trinh tautome bang laser xung cwe ngin

Chung t6i cho xung laser twong tic voi phan tir trong sudt qua trinh tautome va
tinh phd HHG tuong tng véi cac goc dinh phuong @ khac nhau tir 0° dén 180°. Quy
dao cua nguyén tir HI10 trong sudt qua trinh tautome dugc goi 1a duong phan tng hoa

hoc (CRP), trén do mdi vi tri ciia nguyén tr H10 tuwong tmg véi mot cau trac phan tir
cu thé c6 mot thé nang xac dinh.
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Hinh 5 chi sy phu thudc ctia cuong d6 HHG véi cac bac 23 va 25 vao ca goc dinh
phuong 6 va gbc cau tric 6, . Nhu da trinh bay & trén, vi tri ctia nguyén tr H10 dugc
xac dinh bang khoang cach R va géc cau tric 6, . Tuy nhién, trong qua trinh tautome
nguyén to hydro duogc ¢6 dinh trén CRP, vi vay ton tai mot sy han ché R(6,). Do do,
chung ta chi can goc ciu trac dé xac dinh vi tri cia nguyén tor H10. Chung toi nhan ra
cac cuc dai cua cuong d0 HHG gﬁn vOi cac vi tri cua goc dinh phuong 60 50°,
00 70°, va 610135°. Két qua ndy phu hop véi cac két qua di duoc trinh bay trén hinh
4 khi xem xét sy phu thude cua cuong d0 HHG vao goc dinh phuong cho céc trang thai
can bang cua phan tur cytosine.

Tiép theo xem xét sy phu thudc vao goc cau tric 6, trong hinh 5, ching t6i nhan
ra r?mg cho goc dinh phuong vao ¢& 60 50°, cuong do0 HHG dat cuc dai tai goc
6, [126° phu hop voi trang thai imino ciia cytosine. Chung toi cling nhan ra rang
cuong do HHG dat cuc dai tai goc 6, [1 51° phu hop voi trang thai chuyén tiép, va tai
6, 190° phu hop véi trang thai amino cta phan tir cytosine.

Nhu vay, qua cac phan tich dir liéu HHG thu dugc nhu trén, ta thay kha nang theo
doi qua trinh tautome cua phan tir cytosine bang laser xung cuc ngin dya vao su ton tai
cac cuc dai cua cuong d0 HHG gan vdi céac cau tric can bang Viéc giai thich cac cuc
dai nay s€ duogc tién hanh trong cac cong trinh tiép theo. O day ching t6i du doan ban
chat cua cac cuc dai nay lién quan dén toc do i-6n héa. Mot phan tr ¢ trang thai can
bang c6 kha nang xuyén ham cao hon cac trang khac, d6 1a li do tai sao cuong 40 HHG
dat cuc dai tai cac trang thai nay.

180

"(b) H25

w5

120 .:_.;.‘- | 9.000

2.000 2.300

1.500 1251

Alignment angle ¢ (degrees)

04599 04880

g
Alignment angle ¢ (degrees)

0.0100¢ 0.1000

0.000 0.000

30 40 50 60 70 80 20 30 40 50 60 70 80 20
Structural angle 4, on IRC (degrees) Structural angle §, on IRC (degrees)

Hinh 5. Sy phu thuéc ciia cwong do HHG vao goc dinh phwong 0 va géc cau triic

6, trong suot qud trinh tautome cho cdc bdc 23 (a) va 25 (b). Hinh nay chi ra rang
chiing ta c6 thé theo déi qud trinh tautome bang viéc do dac cuong dp HHG
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4.  Két luan va huéng phat trién
Trong cong trinh nay, bang viéc st dung phwong phap DFT véi hiéu chinh
B3LYP va hé ham co s6 6-31G+(d,p) dugc tich hop trong chuong trinh

GAUSSIAN, chung t6i ¢3 m6 phong ciu tric cling nhu mat thé ning cua cac trang thai
can bang amino, imino va trang thai chuyén tiép. Két qua nay phu hop véi dit liéu thuc
nghiém va mo phong cua nhiing tac gia khac. Sir dung xap xi Born-Oppenheimer voi
phuong phap dong hoc phan tir, chiing t6i ciing dd mo6 phong dugc qua trinh tautome tir
trang thai amino sang trang thai imino.

Phé HHG phat xa khi phén tir cytosine tuong tac voi laser 800nm do dai xung 5
fs, cuong d6 dinh 0 2x10" W/cm® dugc tinh toan dya trén mo hinh Lewenstein. Sy
phu thudc ctia cudng d6 HHG vao goc dinh phuong cho hai trang thai can bang (amino
va imino) va trang thai chuyén tiép da duoc tim ra. Véi didu d6 chung toi co thé sir
dung sy phu thudc cua cudng d6 HHG vao goc dinh phuong dé phan biét cac trang thai
dac trung cua cytosine (cac tautomer).

HHG phét xa khi phéan tir cytosine twong tac voi laser xung cuc ngan trong qua
trinh tautome da duoc tinh toan. Sy phu thudc cia cuong d0 HHG vao goéc dinh
phuong va goc cdu trac da dugc phan tich cho thay ton tai cac cuc dai tai cac trang thai
can bang (amino, imino) va trang thai chuyén tiép. Két qua nay mo ra mot kha ning
theo dbi qua trinh tautome bang laser xung cuc ngan str dung co ché phat xa song hai
bac cao. Trong cac cong trinh tiép theo, chung t6i s& cd gang lam sang té ¥ nghia vat li
cua céc cuc dai nay cua cuong do HHG.

Ghi chii: Céng trinh nay thugc dé tai thuc hién dudi sw tai tro ciia Quy phdt trién khoa
hoc va cong nghé quoc gia (NAFOSTED), md sé6 103.01.20.09.
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