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TÓM�TẮT

Trong�bài�đánh�giá�này,�các�ứng�dụng�tính�toán�hóa�học�lượng�tử�được�công�bố�gần�đây�trong�việc�phát�triển�
cảm�biến�huỳnh�quang�đã�được�giới�thiệu,�bao�gồm�các�tính�toán�trong�quá�trình�phát�triển�cảm�biến�huỳnh�quang�
mới�dựa�trên�sự�chuyển�electron�do�cảm�ứng�ánh�sáng�(PET);�nghiên�cứu�cấu�trúc,�tính�chất�và�bản�chất�của�các�
tương�tác�trong�các�hợp�chất,�đặc�điểm�hấp�thụ�và�huỳnh�quang�của�các�hợp�chất�dựa�trên�các�tính�toán�của�trạng�
thái�cơ�bản�và�trạng�thái�kích�thích,�và�phân�tích�obitan�liên�kết�thích�hợp�(NBO).�Các�ứng�dụng�này�có�thể�không�
toàn�diện,�nhưng�chúng�nhằm�mục�đích�làm�nổi�bật,�hướng�dẫn�và�thúc�đẩy�việc�sử�dụng�các�tính�toán�hóa�học�
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,Q� WKLV� UHYLHZ�� UHFHQWO\� SXEOLVKHG� TXDQWXP� FKHPLFDO� FRPSXWLQJ� DSSOLFDWLRQV� LQ� WKH� GHYHORSPHQW� RI�

Àuorescent�sensors�were�introduced,�including�the�calculations�in�the�development�of�the�photoinduced�electron�
transfer� (PET)� -� based� new� Àuorescent� sensors;� the� study� of� structure,� property,� and� nature� of� interactions,�
absorption,�and�Àuorescence�characteristics�of�compounds�based�on�calculations�of�the�ground�state�and�excited�
VWDWH��DQG�WKH�QDWXUDO�ERQG�RUELWDO��1%2��DQDO\VLV��7KHVH�DSSOLFDWLRQV�PD\�QRW�EH�FRPSUHKHQVLYH��EXW�WKH\�DLP�WR�

highlight,�guide�and�promote�the�use�of�quantum�chemical�computation�in�the�development�of�Àuorescent�sensors.�

.H\ZRUGV��Quantum�chemical�calculations,�Àuorescent�sensors,�PET,�ground�state,�excited�state.
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7RGD\��DORQJ�ZLWK�WKH�GHYHORSPHQW�RI�FRPSXWHU�

VFLHQFH�� IURP�KDUGZDUH� WR�VRIWZDUH�� VLPXODWLRQ�

PHWKRGV� DQG� WKHRUHWLFDO� FRPSXWDWLRQ� DUH�

VWURQJO\�GHYHORSHG�DQG�EHFRPLQJ�HIIHFWLYH�WRROV�

in�many�¿elds,�especially�in�chemistry,��SK\VLFV��

ELRORJ\�����PHGLFLQH�����DQG�HQYLURQPHQWDO�LVVXHV��

7KH� 1REHO� 3UL]H� LQ� &KHPLVWU\� �����

ZDV� DZDUGHG� WR� WKH� ZRUN� �WKH� GHYHORSPHQW� RI�

multiscale�models�for�complex�chemical�systems"�
E\� 0DUWLQ� .DUSOXV� �8QLYHUVLWp� GH� 6WUDVERXUJ��

)UDQFH�DQG�+DUYDUG�8QLYHUVLW\��&DPEULGJH��0$��

86$���0LFKDHO�/HYLWW��6WDQIRUG�8QLYHUVLW\�6FKRRO�

RI� 0HGLFLQH�� 6WDQIRUG�� &$�� 86$��� DQG� $ULHK�

:DUVKHO��8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��/RV�

$QJHOHV�� &$�� 86$��� LPSOHPHQWHG� VLQFH� ������

%HIRUH�WKRVH�VWXGLHV��WKH�1REHO�3UL]H�LQ�&KHPLVWU\�

����� ZDV� DZDUGHG� WR� WKUHH� FRPSXWDWLRQDO�

FKHPLVWV��3DXO�-��&UXW]HQ��0DULR�-��0ROLQD��DQG�)��

6KHUZRRG�5RZODQG�IRU�WKHLU�ZRUN�LQ�DWPRVSKHULF�

FKHPLVWU\��SDUWLFXODUO\�FRQFHUQLQJ� WKH�IRUPDWLRQ�

DQG� GHFRPSRVLWLRQ� RI� R]RQH�� 7KH� 1REHO�

3UL]H� LQ� &KHPLVWU\� ����� ZDV� GLYLGHG� HTXDOO\�

EHWZHHQ� :DOWHU� .RKQ� IRU� KLV� GHYHORSPHQW� RI�

WKH�GHQVLW\�IXQFWLRQDO� WKHRU\� DQG�-RKQ�$��3RSOH�

IRU� KLV� GHYHORSPHQW� RI� FRPSXWDWLRQDO� PHWKRGV�

LQ� TXDQWXP� FKHPLVWU\�� 7KHVH� DUH� FRQVLGHUHG�

DV� D� YLYLG� HYLGHQFH�� KRQRULQJ� WKH� HIIHFWLYH�

FRQWULEXWLRQV�RI�FRPSXWDWLRQDO�FKHPLVWU\�
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Up� to�now,� computational� cKHPLVWU\� KDV�

been� successfully� applied� in� various� ¿elds.� In�
SDUWLFXODU�� FRPSXWDWLRQDO� FKHPLVWU\� LV� ZLGHO\�

XVHG� LQ� VWXG\LQJ� WKH� VWUXFWXUDO� FKDUDFWHULVWLFV��

WKH� QDWXUH� RI� ERQGV� DQG� WKH� SURSHUWLHV� RI�

compounds;���� WKH� DELOLW\� WR� SDUWLFLSDWH� LQ�

UHDFWLRQV�� SDWKZD\V��PHFKDQLVPV� DQG� SURGXFWV�

RI� FKHPLFDO� UHDFWLRQV������� 2Q� WKDW� EDVLV��

computational� chemistry� has� been� Àexibly�
applied�in�many�different�¿elds.

,Q� PDWHULDOV� UHVHDUFK�� FRPSXWDWLRQDO�

FKHPLVWU\� LV� XVHG� WR� VWXG\� WKH� VWUXFWXUH����

PDWHULDO� SURSHUWLHV� VXFK� DV� LRQL]DWLRQ� HQHUJ\��

binding� energy,� HOMO� and� LUMO� energy�
JDS����UV-Vis�spectra,�the�catalytic�role�of�metal�
FOXVWHUV���� WKH� UHODWLRQVKLS� EHWZHHQ� VWUXFWXUH�

ZLWK� LQKLELWLRQ� RI� PHWDO� FRUURVLRQ�� DQG� PHWDO�

FRUURVLRQ�UHPHGLHV������

,Q� GUXJ� UHVHDUFK�� FRPSXWHU�DLGHG� GUXJ�

design� (CADD)� is� a� computational� chemical�
PHWKRG� WKDW� HIIHFWLYHO\� DVVLVWV� LQ� VFUHHQLQJ�

DQG� HYDOXDWLQJ� WKH� ELRORJLFDO� DFWLYLW\� RI� DFWLYH�

LQJUHGLHQWV�VXFK�DV� LQKLELWRU\�DFWLYLW\�RQ�FDQFHU�

FHOOV����LQKLELWRU\�DFWLYLW\�RQ�YLUXV�DQG�HQ]\PHV�������

DQWLR[LGDQW� SURSHUWLHV�� IUHH� UDGLFDOV� VFDYHQJLQJ�

DFWLYLWLHV����7KLV�PHWKRG�KHOSV�WR�VFUHHQ��HYDOXDWH�

DQG� TXLFNO\� GHWHFW� DFWLYH� LQJUHGLHQWV� ZLWK�

GHVLUHG� DFWLYLW\�LQ�WHQV�RI� WKRXVDQGV�RI� UHVHDUFK�

FRPSRXQGV���� This� helps� to� reduce� signi¿cantly�
WKH�YROXPH�RI�H[SHULPHQWDO�UHVHDUFK��VKRUWHQ�WKH�

UHVHDUFK� WLPH�� DV�ZHOO� DV� FODULI\� WKH� QDWXUH� DQG�

PHFKDQLVP� RI� WKH� SURFHVVHV���� 7KHUHIRUH�� WKHUH�

DUH� PDQ\� SXEOLFDWLRQV� RQ� &RYLG���� WUHDWPHQW�

GUXJV�XVLQJ�WKLV�PHWKRG������

7KH�PDLQ�FRQWHQW�RI�WKLV�UHYLHZ�IRFXVHV�RQ�

LQWURGXFLQJ�UHFHQWO\�SXEOLVKHG�TXDQWXP�FKHPLFDO�

FRPSXWLQJ� DSSOLFDWLRQV� LQ� WKH� GHYHORSPHQW� RI�

new�Àuorescent�sensors.�These�applications�may�
QRW�EH�FRPSUHKHQVLYH��EXW�WKH\�DLP�WR�KLJKOLJKW��

JXLGH�DQG�SURPRWH�WKH�XVH�RI�TXDQWXP�FKHPLFDO�

computation� to� the� development� of� Àuorescent�
VHQVRUV�

2.��RESULTS�AND�DISCUSSION

Figure�1.�Basic�compositions�of�a�Àuorescent�sensor.��

The� Àuorescent� sensors� are� molecular�
sensors�based�on�the�change�of�Àuorescence�signal�
UHVXOWLQJ�IURP�WKH�LQWHUDFWLRQ�RI�WKH�DQDO\WHV�ZLWK�

sensors.� The� Àuorescent� sensor� is� typically�

composed� of� three� main� parts:� “Àuorophore–
spacer–receptor”�(Figure�1).���)LJXUH���VKRZV�DQ�
illustration�of�a�Àuorescent�sensor�with�three�main�
SDUWV�IRU�GHWHFWLRQ�RI�+&O2�LQ�FDQFHU�FHOOV����

Figure�2.�An�illustration�of�Àuorescent�sensor�with�three�main�parts�"Àuorophore-spacer-receptor".��
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7KH� ¿rst� Àuorescent� sensor� is� a�
FKHPRGRVLPHWHU� EDVHG� RQ� VSLURODFWDP� ULQJ�

RSHQLQJ�SURFHVV�RI� UKRGDPLQH�%�GHULYDWLYH� IRU�

the�detection�of�Cu(II)� ions,�published� in�1992�
E\�$��:��&]DUQLN����1RZDGD\V�� WKH� QXPEHU� RI�

published� new� Àuorescent� sensors� has� been�
rapidly�increased.�New�Àuorescent�sensors�have�
EHHQ�UHSRUWHG�DOPRVW�HYHU\�ZHHN�LQ�WKH�ZRUOG����

This�is�because�the�Àuorescent�sensors�are�often�
VHQVLWLYH� WR� WKH� DQDO\WHV�� HDV\� WR� FDUU\� RXW��

DQG� OHVV� H[SHQVLYH���� In� particular,� Àuorescent�
VHQVRUV�FDQ�EH�XVHG�IRU�GHWHFWLRQ�RI�VRPH�LWHPV�

in� living� cells� like� Fe(III)� in� Hepatic� cells,���
Cu(II)�in�HepG2�cells,���Hg(II)�in�PC3�cells��…

)ROORZLQJ�WKH�VXFFHVVHV�RI�FRPSXWDWLRQDO�

FKHPLVWU\�� QHZ� FRPSXWHU�DLGHG�GHYHORSHG�

Àuorescent� sensors� have� been� published� more�
DQG� PRUH� UHJXODUO\�� 7KLV� LV� EHFDXVH� WKHVH�

SURFHVVHV� KDYH�PDGH� WKH� GHYHORSPHQW� RI� QHZ�

Àuorescent� sensors� more� ef¿cient.� In� which,�
TXDQWXP� FKHPLVWU\� FDOFXODWLRQV� KDYH� EHHQ�

RULHQWLQJ� H[SHULPHQWDO� UHVHDUFK�� KHOSLQJ� WR�

UHGXFH� WKH� YROXPH� RI� H[SHULPHQWDO� VWXGLHV��

LQFUHDVH� WKH� SUREDELOLW\� RI� VXFFHVV�� DV� ZHOO� DV�

FODULI\� WKH�QDWXUH�DQG�PHFKDQLVP�RI�SURFHVVHV��

create�a�scienti¿c�basis�for�further�research.

a)� Quantum� chemistry� calculations� in� the�
development�of�PET�(Photoinduced�Electron�
Transfer)�-�based�Àuorescent�sensors

Figure�3.�Electron� transition�process� in� excited�state�of�Àuorescent�sensor�without�PET�process� (a),�with�PET�
process�(b),�(c).�����

&RPSXWDWLRQDO� FKHPLVWU\� KDV� EHHQ�

used� to� study� Àuorescent� sensors� which�
RSHUDWH� EDVHG� RQ� 3(7�PHFKDQLVP��PDLQO\� WKH�

FDOFXODWLRQV� IRU� VHOHFWLRQ� RI� WKH� DSSURSULDWH�

Àuorophores�and�receptors,�or� for�explaination�
of�Àuorescent�signal�changes.������For�Àuorescent�
VHQVRU� ZLWKRXW� 3(7� SURFHVV�� WKH� WUDQVLWLRQ�

RI� HOHFWURQ� IURP� JURXQG� VWDWH� WR� H[FLWHG� VWDWH�

takes� place� in� two� consecutive� MOs� (of� the�
Àuorophore),� LUMO� and� HOMO� (Figure�
�D�������� ,Q� WKLV� FDVH�� WKH� GH�H[FLWDWLRQ� SURFHVV�

is� the� transition� of� electron� from� LUMO� to�
HOMO,� and� is� accompanied� by� Àuorescence�
emission.� Meanwhile,� for� Àuorescent� sensor�
ZLWK� 3(7� SURFHVV�� WKH� WUDQVLWLRQ� RI� HOHFWURQ�

IURP�JURXQG�WR�H[FLWHG�VWDWH�WDNHV�SODFH�LQ�WZR�

non-consecutive�MOs�(of�the�Àurophore).�There�
is�an�empty�orbital�(Figure�3b)�or�a�¿lled�orbital�
(Figure3c)�(of�receptor)�whose�energy�level�lies�
EHWZHHQ� WKH� WZR� RUELWDOV� RI� WKH� WUDQVLWLRQ� RI�

HOHFWURQ� IURP� JURXQG� VWDWH� WR� H[FLWHG� VWDWH�� ,Q�

WKLV� FDVH�� WKH� GH�H[FLWDWLRQ� SURFHVV� RFFXUV� WKH�

3(7�SURFHVV��ZKLFK�LV�WKH�WUDQVLWLRQ�RI�HOHFWURQ�

from�LUMO+1�to�LUMO�(Figure�3b),�or�from�
HOMO� to�HOMO-1� (Figure�3c).�This� leads� to�
the� de-excitation� process� without� Àuorescence�
HPLVVLRQ�� 7KH� UHDFWLRQ� EHWZHHQ� 3(7� VHQVRUV�

DQG� WKH�DQDO\WHV� LQGXFHV�HLWKHU� WKH�SUHVHQFH�RU�

WKH� DEVHQFH� RI� RUELWDO� ZKRVH� HQHUJ\� OHYHO� OLHV�

EHWZHHQ� WKH� WZR�RUELWDOV� LQ� WKH�PDLQ� WUDQVLWLRQ�

of� the� Àuorophore,� resulting� in� Àuorescence�
TXHQFKLQJ�RU�HQKDQFHPHQW��UHVSHFWLYHO\������
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Figure�4.�Structure�of�sensor�(a),�Frontier�MOs�energy�diagrams�of�isolated�Àuorophore�and�receptor�(b),�and�of�
VHQVRU���(c).��

:KHQ� GHVLJQLQJ� VHQVRU� �� IRU� GHWHFWLRQ�
of� Zn(II)� ion� based� on� anthracene� derivative�
as� a� Àuorophore� and� pyridine� derivative� as� a�
UHFHSWRU��*HRUJH�$��+XGVRQ�DQG�FR�DXWKRUV�XVHG�

the�density�functional�theory�(DFT)/B3LYP�and�
time-dependent� (TD)-DFT/B3LYP� methods,�
with� the� basis� set� 6-31G(d,p),� 6-31+G(d,p),�
6-311G(d,p),�and�6-311+G(d,p)�to�calculate�the�
UHODWLYH� HQHUJ\� OHYHOV� RI� WKH� IURQWLHU� 02V� RI�

FRPSRXQGV��7KH�FDOFXODWLRQ�UHVXOWV�VKRZHG�WKDW�

WKH�UHODWLYH�HQHUJ\�OHYHOV�RI�WKH�IURQWLHU�02V�RI�

FRPSRXQGV� ZHUH� QRW� QHDUO\� XQFKDQJHG� ZKHQ�

XVLQJ� WKH� DERYH� VL[� EDVLV� VHWV�� 7KLV� LQGLFDWHG�

WKDW�DQ\�RI�WKH�DERYH�VL[�EDVLV�VHWV�FDQ�EH�XVHG�

LQ� FDOFXODWLQJ� WKH� UHODWLYH� HQHUJ\� OHYHOV� RI� WKH�

IURQWLHU�02V�

7KH� FDOFXODWLRQ� UHVXOWV� DOVR� VKRZHG� WKDW�

WKH� UHODWLYH� HQHUJ\� OHYHOV� RI� WKH� IURQWLHU�02V�

of� the� independent� Àuorophore� and� receptor�
ZHUH� QRW�QHDUO\�DOWHUHG�ZKHQ� WKH\�ZHUH� OLQNHG�

together�in�sensors�(Figure�4).�Therefore,�it�was�
possible�to�select�Àuorophores�and�receptors�for�
WKH� GHVLJQ� RI� VHQVRUV� EDVHG� RQ� WKH� FDOFXODWLRQ�

UHVXOWV�RI�WKH�IURQWLHU�02V�HQHUJ\�OHYHOV�LQ�WKH�

LVRODWHG�SDUWV��7KHVH�DUH�SURPLVLQJ�RXWFRPHV�IRU�

WKH�FRPSXWDWLRQDO�GHVLJQ�RI�VHQVRUV���

Figure�5.�)OXRUHVFHQW�VHQVRU���for�detection�of�Al(III)�based�on�BODIPY�derivative.��
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Figure�6.�)URQWLHU�02V�HQHUJ\�GLDJUDPV�RI�VHQVRU���(a),�complex�of�sensor���with�Al(III)�(b).��

)OXRUHVFHQW�VHQVRU���for�detection�of�Al(III)�
based� on� BODIPY� (boron-dipyrromethene)�
GHULYDWLYH� ZDV� SXEOLVKHG� E\� 7DVDZDQ�

Keawwangchai� and� co-authors� (Figure� 5).� In�
WKLV� ZRUN�� WKH� DXWKRUV� XVHG� 7'�')7� PHWKRG�

WR� H[SODLQ� WKH� H[SHULPHQWDO� UHVXOWV� RI� WKH�

change� in� Àuorescent� signal� before� and� after�
WKH� VHQVRU��� UHDFWHG�DQG� IRUPHG�FRPSOH[�ZLWK�

Al(III).�In�the�free�state�of�sensor����WKH�VLQJOHW�
HOHFWURQ� WUDQVLWLRQ� IURP� WKH�JURXQG�VWDWH�WR� WKH�

H[FLWHG� VWDWH� ZDV� PDLQO\� FRQWULEXWHG� E\� WKH��

HOMO→�LUMO�transition.�Therefore,�the�PET�
SURFHVV� GRHV� QRW� RFFXU� LQ� VHQVRU� �� DQG� LW� LV� D�
Àuorescent� compound� (Figure� 6a).�Meanwhile,�
LQ� WKH� FRPSOH[� RI� VHQVRU� �� with� Al(III),� the�
VLQJOHW�HOHFWURQ�WUDQVLWLRQ�IURP�WKH�JURXQG�VWDWH�

WR� WKH� H[FLWHG� VWDWH�ZDV�PDLQO\� FRQWULEXWHG� E\�

the� HOMO-3→�LUMO� transition� (Figure� 6b).�
7KLV�OHDGV�WR�WKH�RFFXUUHQFH�RI�3(7�SURFHVV�DQG�

the�complex�does�not�emit�Àuorescence.���

,Q� JHQHUDO�� RQ� WKH�EDVLV� RI� WKH� RSHUDWLQJ�

mechanism� of� the� PET� Àuorescent� sensor,� the�
WKHRUHWLFDO� FDOFXODWLRQV� KDYH� EHHQ� VXFFHVVIXOO\�

XVHG�LQ�GHWHUPLQLQJ�WKH�UHODWLYH�HQHUJ\�OHYHOV�RI�

the�frontier�MOs�of�the�Àuorophore�and�receptor�
WR�GHVLJQ�VHQVRUV�� LQYHVWLJDWLQJ�RQ� WKH�HOHFWURQ�

WUDQVLWLRQ�LQ�H[FLWHG�VWDWH�WR�SUHGLFW�RU�H[SODLQ�WKH�

Àuorescence� properties� of� compounds.������ 7KH�
calculated� results� predicting� the� Àuorescence�
SURSHUWLHV� RI� WKH� FRPSRXQGV� ZHUH� LQ� JRRG�

DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�������������

+RZHYHU�� WKLV� DSSURDFK� PD\� IDFH� VRPH�

limitations.� It� is� only� possible� to� con¿rm� that�
a� compound� does� not� Àuoresce�when� the�PET�
SURFHVV�LV�GHWHUPLQHG����,Q�FRQWUDVW��DOWKRXJK�WKH�

3(7� SURFHVV�ZDV� QRW� IRXQG� LQ� D� FRPSRXQG�� LW�

could�not�be�con¿rmed�that�it�was�a�Àuorescent�
FRPSRXQG��,W� LV�GXH�WR�PDQ\�RWKHU�UHDVRQV��IRU�

example,� the� HOMO� and� LUMO� energy� gap�
LV� WRR�VPDOO���� WKH� ODFN�RI�RYHUODSSLQJ�EHWZHHQ�

HOMO� and�LUMO.������ ,Q� WKHVH� FDVHV�� IXUWKHU�
VWXG\�WR�H[FLWHG�VWDWHV�LV�HVVHQWLDO�

b)� Study� of� the� structure,� absorption� and�
Àuorescence� characteristics� of� compounds�
based�on�the�calculations�of�the�ground�state�
(GS)�and�excited�states�(ESs)

$V�DQRWKHU�DSSOLFDWLRQ��FRPSXWDWLRQDO�FKHPLVWU\�

KDV�EHHQ�XVHG�WR�VWXG\�WKH�VWUXFWXUH��DEVRUSWLRQ�

and� Àuorescence� characteristics� of� Àuorescent�
VHQVRUV�DQG�FRPSRXQGV��E\�XVLQJ�FDOFXODWLRQV�RI�

WKH�*6�DQG�(VV������
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6KLJHKLUR� 6XPL\D� DQG� FR�DXWKRUV�

introduced�Àuorescent�sensor���IRU�GHWHFWLRQ�RI�
Hg(II)� (Figure� 7).� In� this�work,� the� absorption�
and�Àuorescence�properties�of�compounds�were�
VWXGLHG� E\� XVLQJ� ')7� DQG� 7'�')7� PHWKRG�

WR� FDOFXODWH� WKH� H[FLWDWLRQ� SURFHVVHV� EDVHG� RQ�

their� optimized� geometries� at� the� (GS).� The�
FDOFXODWLRQ�UHVXOWV�LQ�7DEOH���VKRZ�WKDW�LQ�VHQVRU�����

WKH� 6
�
→S

�
� WUDQVLWLRQ� LV� WKH� PRVW� GRPLQDQW� RI�

WKH� VLQJOHW� HOHFWURQLF� WUDQVLWLRQV� IURP� *6� WR�

ESs,� with� an� oscillator� strength� (f�� RI� �������
PXFK�VWURQJHU�WKDQ�WKDW�RI�WKH�RWKHU�WUDQVLWLRQV��

7KH� 6
�
→S

�
� WUDQVLWLRQ� LV� PDLQO\� FRQWULEXWHG�

by� HOMO→LUMO� transition,� with� a� largest�
FRQWULEXWLRQ� RI� �������� 7KH� FRUUHVSRQGLQJ�

excitation�energy�is�2.91�eV�(427�nm).���

Figure�7.�6HQVRU���DQG�IURQWLHU�02V�RI�VHQVRU���DQG�FRPSRXQG�4.��

)RU�FRPSRXQG�4�� WKH�6
�
→S

�
� WUDQVLWLRQ�LV�

DOVR�WKH�PRVW�GRPLQDQW�RI�WKH�VLQJOHW�HOHFWURQLF�

WUDQVLWLRQV� IURP� *6� WR� (6V�� ZLWK� D� JUHDWHVW�

oscillator� strength� (f�� RI� ������� 7KLV� WUDQVLWLRQ�
is� mainly� contributed� by� HOMO-1→LUMO�
WUDQVLWLRQ��ZLWK�D�ODUJHVW�FRQWULEXWLRQ�RI���������

7KH�FRUUHVSRQGLQJ�H[FLWDWLRQ�HQHUJ\�LV������H9�

(443�nm).���7KLV�FDOFXODWLRQ�UHVXOWV�DUH�IRXQG�EH�LQ�

JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�PD[LPXP�

DEVRUSWLRQ�ZDYHOHQJWKV�RI���DQG�4������QP�DQG�
����QP�� UHVSHFWLYHO\���� ,Q� VHQVRU���� WKH� VLQJOHW�
HOHFWURQ� WUDQVLWLRQ� IURP� *6� WR� (6� WDNHV� SODFH�

in� two� consecutive�MOs� (HOMO�→�LUMO),�
UHVXOWLQJ� LQ� QR� 3(7� SURFHVV�� 0HDQZKLOH�� LQ�

FRPSRXQG�4��WKH�VLQJOHW�HOHFWURQ�WUDQVLWLRQ�IURP�
*6� WR� (6� WDNHV� SODFH� LQ� WZR� QRQ�FRQVHFXWLYH�
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MOs� (HOMO-1�→� LUMO),� resulting� in� PET�
SURFHVV���� 7KH� FDOFXODWLRQ� UHVXOWV� RI� IURQWLHU�

MOs�of� compounds� (Figure� 7)�also� show� that,�
LQ�VHQVRU����WKH�HOHFWURQ�GHQVLW\�LQ�+202�DQG�

LUMO� is� predominantly� distributed� on� the�
1%'�PRLHW\��0HDQZKLOH��WKH�HOHFWURQ�GHQVLW\�LQ�

+202���LV�SUHGRPLQDQWO\�GLVWULEXWHG�RQ�DQLOLQH�

PRLHW\��7KHUHIRUH��WKH�3(7�SURFHVV�IURP�DQLOLQH�

WR�1%'� VXEXQLWV� LQ� WKH� H[FLWHG� VWDWH� GRHV� QRW�

RFFXU� DQG� VHQVRU��� is� a�Àuorescent� compound.�
,Q�FRPSRXQG�4��WKH�HOHFWURQ�GHQVLW\�LQ�+202����

and�LUMO�is�predominantly�distributed�on�the�
1%'�PRLHW\��WKH�HOHFWURQ�GHQVLW\�LQ�+202�LV�

SUHGRPLQDQWO\� GLVWULEXWHG� RQ� DQLOLQH� PRLHW\��

7KHUHIRUH��WKH�3(7�SURFHVV�IURP�DQLOLQH�WR�1%'�

VXEXQLWV�LQ�WKH�H[FLWHG�VWDWH�RFFXUV��DQG�4�LV�QRW�
a�Àuorescent�compound.��

Table�1.�Calculated�excitation�energy�(E),�wavelength�(λ),�and�oscillator�strength�(f)�for�low-laying�singlet�state�
RI�VHQVRU���DQG�FRPSRXQG�4���

Compound Main�transitions ((eV) λ(nm) I
Percentage
contribution�

���
� 6

�
→6

�
+202��→LUMO ���� ����� ������ ����

+202��→LUMO �����

6
�
→S

�
HOMO-1→LUMO ���� ����� ������ ����

HOMO→LUMO �����

HOMO→LUMO+1 ����

4 6
�
→6

�
+202��→LUMO ���� ����� ������ �����

+202→LUMO �����

6
�
→6

�
+202��→LUMO ���� ����� ������ �����

+202→LUMO ����

7KH�UHVHDUFK�UHVXOWV�VKRZHG�WKDW�WKHUH�ZDV�

D�JRRG�DJUHHPHQW�EHWZHHQ�WKH�H[SHULPHQWDO�DQG�

FDOFXODWHG� DEVRUSWLRQ� VSHFWUD���������� +RZHYHU��

LW� LV�QHFHVVDU\�WR�VHOHFW�PHWKRGV��IXQFWLRQV�DQG�

EDVLV�VHWV�IRU�WKH�UHVHDUFK�REMHFWV�WR�REWDLQ�JRRG�

UHVXOWV��

)RU�H[DPSOH��WKHUH�ZHUH�GLIIHUHQW�PHWKRGV�

XVHG�WR� FDOFXODWH�H[FLWHG� VWDWHV� VXFK�DV�7'�')7���

BSE@GW,� CIS,� CIS(D),� ADC(2),� CC2,�
ADC(3),� EOM-CCSD,� CC3,� EOM-CCSDT,�
6&,�� )&,�� (20&&6'74�� DQG� &$637��

1(937�� PHWKRGV�� 'HQLV� -DFTXHPLQ� DQG��

FR�DXWKRUV�SHUIRUPHG�D� FRPSDUDWLYH�HYDOXDWLRQ�

RI� WKHVH� PHWKRGV���� (DFK� PHWKRG� KDG� LWV� RZQ�

DGYDQWDJHV� DQG� OLPLWDWLRQV�� &XUUHQWO\�� WKH��

7'�')7�PHWKRG�LV�PRVW�FRPPRQO\�XVHG�EHFDXVH�

LW� LV� VLPSOH�� VXLWDEOH� IRU� ODUJH� PROHFXOHV����

FRQWDLQV�PDQ\�IXQFWLRQV��VR�LW�FDQ�EH�LPSURYHG�

E\�HGLWLQJ��RU�DGGLQJ�RU�VXEWUDFWLQJ�IXQFWLRQV���

'XRQJ�7XDQ�4XDQJ�DQG� FR�DXWKRUV�XVHG�

WKH�3%(��%3����3%(���%�/<3��0����0����;��

&$0�%�/<3��/&�Z3%(��$3')��Z%��;'�DQG�

3:�%�'��IXQFWLRQV�WR�FDOFXODWH�WKH�PD[LPXP�

DEVRUSWLRQ� ZDYHOHQJWK� RI� ��� FRXPDULQ�

GHULYDWLYHV�� 7KH� UHVXOWV� VKRZHG� WKDW� 0����;�

IXQFWLRQDO�JDYH�WKH�EHVW�SUHGLFWLYH�SHUIRUPDQFH��

ZLWK� WKH� VPDOOHVW� YDOXH� RI� WKH� PHDQ� DEVROXWH�

error�(MAE¿x�=�7�nm).��

,Q� VXPPDU\�� HDFK� PHWKRG�� IXQFWLRQ� RU�

EDVLV�VHW�KDV�LWV�RZQ�DGYDQWDJHV�DQG�OLPLWDWLRQV��

They� are� usually� only� suitable� for� speci¿c�
UHVHDUFK� SXUSRVHV� DQG� REMHFWV�� 7KHUHIRUH�� LW� LV�

QHFHVVDU\� WR�HYDOXDWH�ZKHQ�XVLQJ�� RU�YHULI\LQJ�

EDVHG�RQ�H[SHULPHQWDO�GDWD�

7KHRUHWLFDO�LQYHVWLJDWLRQV�RQ�WKH�H[FLWDWLRQ�

SURFHVVHV� EDVHG� RQ� RSWLPL]HG� JURXQG� VWDWH�

geometry� (GS)� are� mainly� used� to� investigate�
VLQJOHW� HOHFWURQ� WUDQVLWLRQV� IURP� *6� WR� H[FLWHG�
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states� (ESs),� thereby� predicting� or� explaining�
the�absorption�and�Àuorescence�properties�based�
RQ� H[FLWDWLRQ� SURFHVV�� 7KLV� PHWKRG� GRHV� QRW�

GLUHFWO\� VWXG\� WKH� VLQJOHW� HOHFWURQ� WUDQVLWLRQV�

IURP� (6� WR� *6�� 7KHUHIRUH�� WKH� QDWXUH� RI� WKH�

Àuorescence� emission� process� is� not� clari¿ed,�
the� Àuorescence� emission� wavelength� cannot�
EH�GHWHUPLQHG�H[DFWO\��7KLV�LV�RQO\�VROYHG�ZKHQ�

FDOFXODWLRQV�RQ�RSWLPL]HG�JHRPHWULHV�RI�H[FLWHG�

VWDWHV�(ESs)�are�used�to�directly�study�the�singlet�
HOHFWURQ�WUDQVLWLRQV�IURP�(6V�WR�*6����

)LJXUH���VKRZV�WKH�-DEORQVNL�GLDJUDP�IRU�

calculation�of�excitation�energy�and�Àuorescence�
HPLVVLRQ�HQHUJ\�LQ�D�VLPSOH�FDVH��$FFRUGLQJO\��

the� vertical� absorption� energy� (EYHUW�DEVR�� IURP�

*6�WR�(6� LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�HQHUJ\�

RI� � (6� DQG� *6� DW� WKH� JURXQG� VWDWH� RSWLPL]HG�

geometry� (R*6).� The� vertical� Àuorescence�
energy�(Evert-Àu��IURP�(6�WR�*6�LV�WKH�GLIIHUHQFH�

EHWZHHQ�WKH�HQHUJ\�RI�(6�DQG�*6�DW�WKH�H[FLWHG�

state�optimized�geometry�(R(6�������

Figure�8.�Jablonski�diagram�for�calculation�of�excitation�energy�and�Àuorescence�emission�energy.�����

1JX\HQ� .KRD� +LHQ� DQG� FR�DXWKRUV�

introduced�Àuorescent�sensor���IRU�GHWHFWLRQ�RI�
biothiols�(Figure�9).�The�results�of�the�theoretical�
LQYHVWLJDWLRQV�RQ� WKH�HOHFWURQ� H[FLWHG� VWDWHV�E\�

TD-DFT�method�show� that� the�Àuorescence�of�
WKH� SURGXFW� RI� WKH� DGGLWLRQ� UHDFWLRQ� EHWZHHQ�

VHQVRU� �� DQG� ELRWKLROV� LV� QRW� LQ� DFFRUGDQFH�
ZLWK� .DVKD
V� UXOH�� 7KLV� LV� DQ� H[FHSWLRQ� IURP�

WKH�.DVKD¶V�UXOH��)OXRUHVFHQFH�HPLVVLRQ�RFFXUV�

IURP� WKH� KLJKHU� O\LQJ� VLQJOHW� HOHFWURQ� H[FLWHG�

state� (S
�
�� LQVWHDG� RI� WKH� ORZHVW� O\LQJ� VLQJOHW�

electron� excited� state� (S
�
��� 7KLV� LV� EHFDXVH� WKH�

HOHFWURQ� WUDQVLWLRQ� IURP� 6
�
� WR� 6

�
� LV� IRUELGGHQ�

VLQFH� WKH� ODFN� RI�RYHUODSSLQJ� EHWZHHQ�02V� LQ�

WUDQVLWLRQ��DQG�WKH�VPDOO�HQHUJ\�JDS�EHWZHHQ�6
�
�

DQG�6
�
�excited�states.�The�Àuorescence�from�the�

KLJKHU�O\LQJ�VLQJOHW�HOHFWURQ�H[FLWHG�VWDWHV�OHDGV�

to�markable� Àuorescence� enhancement� at� long�
ZDYHOHQJWK�LQ�WKH�SURGXFWV�RI�DGGLWLRQ�UHDFWLRQ�

EHWZHHQ�ELRWKLROV�DQG�VHQVRU�����

Figure�9.�6HQVRU���IRU�GHWHFWLRQ�RI�ELWKLROV�EDVHG�RQ�FRXPDULQ�GHULYDWLYH���
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&DWHULQD� %HUQLQL� DQG� FR�DXWKRUV�

LQYHVWLJDWHG� WKH� H[FLWHG� VWDWH� JHRPHWULHV� DQG�

emission�energies�of�11�organic�D-π-A�dyes,�with�
using� the� CAM-B3LYP,� MPW1K,� ωB97X-D,�
LC-BLYP,�LC-ωPBE,�and�M06-HF�functionals,�
in�combination�with�the�cc-pVDZ,�6-31+G(d,p),�
and� 6-311+G(2d,p)� basis� sets.� Polarizable�
&RQWLQXXP�0RGHO�ZDV� DOVR� SHUIRUPHG� LQ� ERWK�

/5�DQG�66�IRUPDOLVPV��7KH�/5�3&0�7'�')7�

UHVXOWV� VKRZHG� WKDW� DFFXUDWH� HPLVVLRQ� HQHUJLHV�

ZHUH� REWDLQHG�RQO\�ZKHQ�VROYHQW� HIIHFWV�DQG�D�

UDQJH�VHSDUDWHG�K\EULG�IXQFWLRQDO�ZDV�XVHG��7KH�

PD[LPXP� PHDQ� DEVROXWH� HUURU� RI� WKH� YHUWLFDO�

HPLVVLRQ�HQHUJ\�ZDV�����H9��7KH�DFFXUDF\�ZDV�

IXUWKHU�LPSURYHG�XVLQJ�WKH�66�3&0�IRUPDOLVP����

$FFRUGLQJ� WR� WKLV�DSSURDFK�� VRPH�SXEOLFDWLRQV�

KDYH� VXFFHVVIXOO\� DSSOLHG� WR� LQYHVWLJDWH� RQ�

the� absorption� and� ÀuoreVFHQFH� VSHFWUD� RI�
FRPSRXQGV�� DV� HYLGHQFHG� E\� D� TXLWH� JRRG�

DJUHHPHQW�EHWZHHQ�WKHRUHWLFDO�FDOFXODWLRQV�DQG�

H[SHULPHQWDO� UHVXOWV������� +RZHYHU�� FDOFXODWLRQ�

RQ� RSWLPL]HG� JHRPHWU\� RI� H[FLWHG� VWDWHV� LV�

QRW� VLPSOH�� 7KLV� UHTXLUHV� DQ� H[WUHPHO\� VWURQJ�

con¿guration� of� coPSXWHU� V\VWHP� UDWKHU�

WKDQ� FDOFXODWLRQV� RQ� RSWLPL]HG� JHRPHWU\� RI�

JURXQG� VWDWH�� HVSHFLDOO\� IRU� ODUJH� FRPSRXQGV��

FRPSOH[HV� DQG� LQ� WKH�HQYLURQPHQW�RI� VROYHQWV��

7KHUHIRUH��XS�WR�QRZ��WKH�FDOFXODWLRQV�RQ�H[FLWHG�

VWDWH� RSWLPL]HG� JHRPHWU\� DUH� VWLOO� YHU\� UDUHO\�

SXEOLVKHG��DQG�PDLQO\�XVHG�IRU�VPDOO�DQG�VLPSOH�

FRPSRXQGV������

,Q� DGGLWLRQ�� WKHRUHWLFDO� LQYHVWLJDWLRQV� RQ�

H[FLWDWLRQ�SURFHVVHV�DUH�DOVR�DSSOLHG�WR�VWXG\�WKH�

PHFKDQLVPV� RI� VRPH� RWKHU� SURFHVVHV�� VXFK� DV�

WKH� H[FLWHG� VWDWH� LQWUDPROHFXODU� SURWRQ� WUDQVIHU�

(ESIPT),���WZLVWHG�LQWUDPROHFXODU�FKDUJH�WUDQVIHU�

(TICT)�����

<DQJ� /L� DQG� 7LDQ�6KX� &KX� XVHG� ')7�

DQG� 7'�')7� PHWKRGV� WR� VWXG\� WKH� H[FLWDWLRQ�

processes�of�Àuorescent�compound���(Figure�10).�
7KH�FDOFXODWHG�UHVXOWV�RQ�WKH�RSWLPL]HG�JHRPHWU\�

DQG�HQHUJ\�RI�WKH�JURXQG�VWDWH�DQG�H[FLWHG�VWDWHV�

VKRZ�WKDW�WKHUH�LV�DQ�(6,37�SURFHVV��$FFRUGLQJO\��

FRPSRXQG���H[LVWV�DV�DQ�HQRO�LQ�LWV�JURXQG�VWDWH��
,Q� WKH� H[FLWHG�VWDWH�� LW� FRQYHUWV� WR� FRPSRXQG���
LQ� WKH� NHWR� IRUP� WKURXJK� DQ� (6,37� SURFHVV��

resulting�in�a�shift�in�Àuorescence�emission�to�the�
ORQJ�ZDYHOHQJWK�UHJLRQ���

Figure�10.�Theoretical�investigation�of�an�ESIPT�case�in�Àuorescent�compound�����

:KHQ� XWLOL]LQJ� ')7� DQG� 7'�')7�

methods� to� study� the� Àuorescence� properties�
of� 4-N,�N-dimethylamino� cinnamaldehyde� (����
6XUDMLW� *KRVK� DQG� FR�DXWKRUV� UHSRUWHG� WKDW��

DIWHU�EHLQJ�H[FLWHG��FRPSRXQG���XQGHUJRQH�WKH�

WZLVWHG�LQWHUPROHFXODU�WUDQVIRUPDWLRQ�WR�UHDFK�D�

minimum�on�the�potential�energy�surface�(PES),�
DFFRPSDQLHG� E\� WZLVWHG� LQWUDPROHFXODU� FKDUJH�

transfer� (TICT),� resulting� in� a� transition� from�
locally�excited�(LE)�state�to�TICT�excited�state�
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(Figure� 11).� Due� to� the� intramolecular� charge�
WUDQVIHU�� WKH�SRODUL]DWLRQ�RI�WKH�7,&7� VWDWH�ZDV�

KLJKHU�WKDQ�WKDW�RI�WKH�/(�VWDWH��$V�D�UHVXOW��WKH�

7,&7� VWDWH� ZDV�PRUH� VWDEOH� WKDQ� WKH� /(� VWDWH�

LQ�VROYHQWV�RI�JUHDWHU�SRODULW\��7KLV�OHG�WR�D�UHG�

shift� in� Àuorescence� emission� and� absorption,�
IURP� ZHDNHU� SRODU� VROYHQWV� WR� VWURQJHU� SRODU�

VROYHQWV���

Figure�11.�Theoretical�investigation�of�an�TICT�case�in�Àuorescent�compound�����

0DL� 9DQ�%D\� DQG� FR�DXWKRUV� LQWURGXFHG�

Àuorescent�sensor���for�detection�of�Hg(II)�ions�
(Figure�12).���7KH�')7�FDOFXODWLRQ�UHVXOWV�VKRZ�
WKDW���PROHFXOH� LV� FRPSRVHG�RI�WKUHH�PRLHWLHV��

LQ� ZKLFK� HWK\OHQHGLDPLQH� DV� D� VSDFHU� LV� WKH�

EULGJH�EHWZHHQ�UKRGDPLQH�DQG�GLPHWK\ODPLQR�

cinnamaldehyde� (DACA).� Rhodamine� moiety�
LQ� �� H[LVWV� LQ� WKH� VSLURODFWDP� ULQJ� IRUP� DQG�

is� not� a� Àuorescent� compound.� Although�
the� con¿guration� of� the� DACA� moiety� in� ��
LV� XQFKDQJHG� IURP� WKH� IUHH� VWDWH� RI� '$&$�

Àuorophore,� �� is� a� non-Àuorescent� compound.�
This�has�been�clari¿ed�when�studying�excitation�
VWDWHV�� 7'�')7� FDOFXODWLRQ� UHVXOWV� VKRZ� WKDW�

DIWHU� EHLQJ� H[FLWHG�� WKH� PROHFXOH� �� XQGHUJRHV�
LQWUDPROHFXODU� WZLVWLQJ�� DFFRPSDQLHG� E\� WKH�

SURFHVV� RI� WKH� WZLVWHG� LQWHUPHGLDWH� FKDUJH�

transfer�(TICT).�As�a�result,�there�is�a�transition�
from�the�locally�excited�(LE)�state�to�the�TICT�
H[FLWHG� VWDWH�� &RQVHTXHQWO\�� WKH� 6

�
→S

�
� GH�

excitation� occurs� at� TICT� state.� Unfortunately,�
WKH� VWURQJ� FKDUJH� WUDQVIHU� LQ� WKH� 7,&7� VWDWH�

OHDGV�WR�D�FRPSOHWH�GLIIHUHQFH�LQ�WKH�ORFDOL]DWLRQ�

RI� HOHFWURQ� GHQVLW\�� UHVXOWLQJ� LQ� WKH� ODFN� RI�

overlapping� between� HOMO� and� LUMO.�
7KH�6

�
→S

�
� WUDQVLWLRQ�DW�7,&7�VWDWH� LV� VWURQJO\�

IRUELGGHQ��7KHVH�PD\�EH�WKH�UHDVRQV�ZK\�5/('�

does�not�Àuoresce.��

Figure�12.�TD-DFT�calculations�used�to�explain�the�Àuorescence�properties�of�����
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c)�Study�of�the�structure,�property�and�nature�
of�interactions�in�compounds,�absorption�and�
Àuorescence� characteristics� of� compounds�
based� on� the� natural� bond� orbital� (NBO)�
analysis

When� studying� Àuorescent� sensors,� a� fairly�
FRPPRQ�DSSOLFDWLRQ�RI�FRPSXWDWLRQDO�FKHPLVWU\�

LV� WKH� XVH� RI� 1%2� DQDO\VLV� WR� LQYHVWLJDWH� WKH�

VWUXFWXUH�� SURSHUW\� DQG� QDWXUH� RI� LQWHUDFWLRQV�

LQ�FRPSRXQGV��7KH�FDOFXODWLRQ�UHVXOWV�REWDLQHG�

IURP� 1%2� DQDO\VLV� DUH� PDLQO\� VHFRQG�RUGHU�

LQWHUDFWLRQ� HQHUJ\� DQG� FKDUJHV� RI� DWRPV� LQ�

PROHFXOHV��7KH�VHFRQG�RUGHU�LQWHUDFWLRQ�LQ�1%2�

DQDO\VLV� LV� WKH� LQWHUDFWLRQ� EHWZHHQ� WKH� 1%2�

GRQRU� DQG� 1%2� DFFHSWRU��7KH� JUHDWHU� VHFRQG�

RUGHU� LQWHUDFWLRQ� HQHUJ\� OHDGV� WR� WKH� VWURQJHU�

LQWHUDFWLRQ��WKH�PRUH�VWDEOH�ERQG��DQG�WKH�JUHDWHU�

GHJUHH�RI�FRQMXJDWLRQ�LQ�WKH�V\VWHP��7KHUHIRUH��

1%2� DQDO\VLV� LV� RIWHQ� XVHG� WR� LQYHVWLJDWH�

the� degree� of� conjugation� of� the� π� electron�
system,� thereby� explaining� the� Àuorescence�
SURSHUWLHV�� DV�ZHOO� DV� FRPSDULQJ� WKH� GXUDELOLW\�

RI�FRPSRXQGV�EDVHG�RQ�WKH�YDOXH�RI�WKH�VHFRQG�

RUGHU�LQWHUDFWLRQ�HQHUJ\������

When� studying� a� Àuorescent� sensor�
for� detection� of� Fe(III)� based� on� 4-�
(2-hydroxybenzylideneamino)�benzoic�acid�(�����
*XUSUHHW�6LQJK�DQG�FR�DXWKRUV�FRPSXWHG�1%2�

analysis� to� study�the�Àuorescence�properties�of�
FRPSRXQGV��7KH�FDOFXODWLRQ�UHVXOWV�VKRZHG�WKDW�

there�existed�a�π�electron�conjugation�system�in�
WKH�PROHFXOH�RI�VHQVRU�����7KDW�FDXVHG�VHQVRU����
to�be�Àuorescent�(FiguUH�������

Figure�13.�)OXRUHVFHQW�VHQVRU����for�detection�of�Fe(III).��

When� studying� Àuorescent� sensor���� XVHG�
for� detection� of� Cu(II)� and� Hg(II)� (Figure� 14),��
<RQJ� ;LD� DQG� FR�DXWKRUV� FRQGXFWHG� 1%2�

DQDO\VLV� WR� LQYHVWLJDWH� RQ� WKH� LQWHUDFWLRQV� LQ�

FRPSOH[HV� EHWZHHQ� VHQVRU� ��� ZLWK� PHWDO� LRQV�
including� Cu(II),� Hg(II),� Zn(II),� Cd(II),� and�
Pb(II).� The� calculation� results� showed� that� the�
FRPSOH[HV� ZHUH� VWDELOL]HG� PDLQO\� E\� GRQRU�

acceptor�interactions�from�lone�pair�(LP)�of�the�O�
and�N�atoms�to�the�empty�LP*�or�RY*�(Rydberg)�
RUELWDOV� RI� WKH� FHQWUDO�PHWDO� LRQV�� ,Q� WKLV� FDVH��

WKH� LQWHUDFWLRQV� IURP� WKH� /3� RI� WKH� 1� DWRPV�

WR� WKH� /3
� RU� WKH�5<
� RI� WKH�PHWDO� LRQV�ZHUH�

PXFK� VWURQJHU� WKDQ� WKH� LQWHUDFWLRQV� IURP� WKH�

/3�RI�WKH�2�DWRPV��7KH�FDOFXODWLRQ�UHVXOWV�DOVR�

showed�that�these�interactions�in�Hg(II)�complex�
were� stronger� than� those� in� Cu(II)� complex,�
DQG� HYHQ�VWURQJHU� WKDQ� LQ�RWKHU� FRPSOH[HV��$V�

a�result,�the�most�stability�was�Hg(II)�complex,�
followed� by� the� Cu(II)� complex,� and� then� the�
RWKHU�FRPSOH[HV��7KHVH�UHVXOWV�ZHUH�FRPSOHWHO\�

FRQVLVWHQW�ZLWK� WKH�FDOFXODWLRQ� UHVXOWV� LQ�ZKLFK�

WKH�*LEEV�IUHH�HQHUJ\�RI�FRPSOH[DWLRQ�UHDFWLRQ�

RI� ��� with� Hg(II),� Cu(II),� Zn(II),� Cd(II),� and�
Pb(II)�was�-433.3,�386.9,�333.6,�276.7,�and�236.6�
NFDO�PRO����UHVSHFWLYHO\��7KHVH�UHVXOWV�OHG�WR�WKH�

prediction� that� Hg(II)� may� react� to� displace�
Cu(II)� from� the� complex� between� Cu(II)� and�
VHQVRU� ���� 7KHUHIRUH�� VHQVRU� ��� FRXOG� DOVR� EH�
used�to�detect�Hg(II).��
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Figure�14.�)OXRUHVFHQW�VHQVRU����for�detection�of�Cu(II)�and�Hg(II).��

A� Àuorescent� sensor� (���� EDVHG� RQ�

EHQ]RWKLD]ROLXP� KHPLF\DQLQH� GHULYDWLYH� IRU�

Hg(II)� detection� was� synthesized� and� studied�
by� Doan� Thanh� Nhan� and� co-authors� (Figure�
������� )UHH� VHQVRU���� H[KLELWHG� D� UHG� HPLVVLRQ�
at� 585� nm.� Hg(II)� coordinated� to� ligand� ���
ZLWK� D� VWRLFKLRPHWU\� RI� ���� DQG� OHG� WR� WKH�

Àuorescence� quenching.� The� detection� limits�
of� the� colorimetric� and�Àuorescent�method� are�
�����DQG������SSE�� UHVSHFWLYHO\��7KH�RSWLPL]HG�

molecular�structures,�absorption�and�Àuorescence�
FKDUDFWHULVWLFV� RI� WKH� VHQVRU�/� DQG� LWV�FRPSOH[�

ZLWK� PHUFXU\� LRQV� ZHUH� FDUULHG� RXW� XVLQJ� WKH�

FDOFXODWLRQV� DW� WKH� %�/<3�/DQ/�'=� OHYHO� RI�

WKHRU\�� FRPELQHG� ZLWK� $WRPV� ,Q� 0ROHFXOHV�

DQG�1DWXUDO�%RQG�2UELWDOV�DQDO\VHV��7KH�1%2�

DQDO\VLV� UHVXOWV� VKRZHG� WKDW� WKH� FRPSOH[� ZDV�

VWDELOL]HG�PDLQO\�E\�GRQRU�DFFHSWRU�LQWHUDFWLRQV�

from� lone� pair� (LP)� of� the� O� and� S� atoms� to�
WKH� HPSW\� /3
� RUELWDOV� RI� WKH� FHQWUDO�PHUFXU\�

DWRP�� 7KH� IRUPDWLRQ� RI� WKHVH� LQWHUDFWLRQV� OHG�

to�a�signi¿cant�transfer�of�electron�density�from�
ligands�to�the�metal�ions,�and�broke�the�π-electron�
FRQMXJDWHG� V\VWHP� LQ� WKH���� OLJDQGV�� 7KLV�ZDV�
an� important� factor� leading� to� Àuorescence�
TXHQFKLQJ�DQG�FRORU�FKDQJH�LQ�WKH�FRPSOH[�

Figure�15.�)OXRUHVFHQW�VHQVRU����for�detection�of�Hg(II)�based�on�benzothiazolium�hemicyanine�derivative.��
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G��'etermine�values�of�energy�and�constants�
for�reactions�based�on�the�optimized�geometries�
and�the�single�point�energies�of�the�compounds

6DLUDP� 6� 0DOODMRV\XOD� DQG� FR�DXWKRUV� XVHG��

FRPSXWDWLRQDO�FKHPLVWU\�WR�VWXG\�WKH�PHFKDQLVP�RI�

action�of�a�1,3-dithiole-2-thione-based�Àuorescent�
sensor�(��)�(Figure�16).�The�optimized�geometric�
VWUXFWXUHV� RI� VHQVRU� ��� DQG� LWV� FRPSOH[HV� ZLWK�

PHWDOV�DQG�ZDWHU�ZHUH�FDUULHG�RXW�XVLQJ�WKH�')7�

PHWKRG�DQG�WKH�%�/<3�/DQ/�'=�OHYHO�RI�WKHRU\��

)URP�WKHVH�VWUXFWXUHV��WKH�DXWKRUV�FDOFXODWHG�WKH�

IRUPDWLRQ�HQHUJ\�RI�FRPSOH[HV�DQG�GHWHUPLQHG�

WKH� SDWKZD\� RI� FRPSOH[� H[FKDQJH� UHDFWLRQ�

between� As(H
�
2�

�
� and� ligand� P� (sensor� �����

7KH� FDOFXODWLRQ� UHVXOWV� DOVR� VKRZHG� WKDW�

WKH� IRUPDWLRQ� RI� $V3
�
� FRPSOH[� ZDV� PRUH�

WKHUPRG\QDPLFDOO\�IDYRUDEOH�WKDQ�WKDW�RI�+J3
�
�

FRPSOH[��ZLWK�PRUH�QHJDWLYH�IRUPDWLRQ�HQHUJ\�

RI� �������� NFDO�PRO���� 6LQFH� WKHQ�� VHQVRU� ���
ZDV�SUHGLFWHG�WR�EH�PRUH�VHOHFWLYH�GHWHFWLRQ�RI�

As(III),�compared�with�Hg(II).��

Figure� 16.� Theoretical� investigation� on�mechanism� of� action� of� Àuorescent� sensor� ��� (W:� H
�
2�� 5�� UHDFWDQW���

3��SURGXFW����

7R�LQYHVWLJDWH�WKH�SRVVLELOLW\�RI�XVLQJ�WKH�

FRPSOH[�EHWZHHQ�14�and�Cu(II)�as�a�Àuorescent�
chemosensor� for� detection� of� biothiols� (Figure�
��D���1JX\HQ�.KRD�+LHQ�DQG�FR�DXWKRUV�XVHG�WKH�

WKHRUHWLFDO�FDOFXODWLRQV�RI�WKH�VWDELOLW\�FRQVWDQW�RI�

FRPSOH[����$FFRUGLQJO\��WKH�WKHRUHWLFDO�VWDELOLW\�

FRQVWDQW� RI� WKH� FRPSOH[� ZDV� WKHRUHWLFDOO\�

FDOFXODWHG�EDVHG�RQ�WKH�VROYDWLRQ�PRGHO�DQG�WKH�

*LEEV�IUHH�HQHUJ\�RI�OLJDQG�H[FKDQJH�UHDFWLRQV��

obtained�from�the�thermodynamic�cycle�(Figure�
��D���$V� D� UHVXOW�� WKH� FDOFXODWHG� FRPSOH[DWLRQ�

equilibrium� constant� of� 14-Cu(II)� was� 10�����
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7KLV�YDOXH�RI�FRPSOH[DWLRQ�HTXLOLEULXP�FRQVWDQW�

of�Cu(II)� ions�with�14��ZDV�PXFK� VPDOOHU� WKDQ�

of�Cu(II)� ions�with�biothiols.�These� results� led�
WR� DQ� H[SHFWDWLRQ� WKDW� WKH� FRPSOH[� RI� 14� ZLWK�
Cu(II)�ions�could�be�used�as�a�Àuorescent�sensor�
IRU�GHWHFWLRQ�RI�ELRWKLROV�EDVHG�RQ�WKH�FRPSOH[�

H[FKDQJH� UHDFWLRQV�� 7KH� REWDLQHG� UHVXOWV� ZHUH�

LQ�JRRG� DJUHHPHQW�ZLWK� WKH� H[SHULPHQWDO�GDWD��

7KH� 14-Cu(II)� complex� could� be� used� as� a�
Àuorescent� sensor�for�detecting�biothiols�in�the�
SUHVHQFH� RI� QRQ�WKLROV� FRQWDLQLQJ� DPLQR�DFLGV��

with�a�detection�limit�for�cysteine�of�0.3�μM.��

Figure�17.�(a)�Illustrative�diagram�of�the�reaction�between�the�14-Cu(II)�complex�and�Cys;�(b)�Thermodynamic�
cycle�for�the�calculation�of�Gibbs�free�energy�of�ligand-exchange�reaction�in�aqueous�solution,�∆Gaq.��

3.�CONCLUSIONS

7KLV� UHYLHZ� LQWURGXFHG� WKH� UHFHQWO\� SXEOLVKHG�

TXDQWXP�FKHPLFDO�FRPSXWLQJ�DSSOLFDWLRQV�LQ�WKH�

development� of� PET-based�Àuorescent� sensors.�
,W� ZDV� LQYROYHG� LQ� WKH� VWXG\� RI� WKH� VWUXFWXUH��

absorption,� and� Àuorescence� characteristics�
RI� FRPSRXQGV� EDVHG� RQ� WKH� FDOFXODWLRQV� RI�

the� ground�and� excited� states;� the�study� of� the�
VWUXFWXUH�� SURSHUW\�� DQG� QDWXUH� RI� LQWHUDFWLRQV�

in� compounds,� absorption� and� Àuorescence�
FKDUDFWHULVWLFV�RI�FRPSRXQGV�EDVHG�RQ�WKH�1%2�

analysis;� and� determination� of� energies� and�
FRQVWDQWV� IRU� UHDFWLRQV� EDVHG� RQ� WKH� RSWLPL]HG�

JHRPHWULHV�DQG� WKH�VLQJOH�SRLQW�HQHUJLHV�RI�WKH�

FRPSRXQGV��

7KH�UHVXOWV�VKRZHG�WKDW�TXDQWXP�FKHPLFDO�

FDOFXODWLRQV�KDYH�EHHQ�VXFFHVVIXOO\�XVHG�LQ�WKH�

design� and� development� of� new� Àuorescence�
VHQVRUV�� SUHGLFWLQJ� DV� ZHOO� DV� H[SODLQLQJ� WKH�

absorption� and� Àuorescence� properties� of�
FRPSRXQGV�� 7KH� FDOFXODWHG� UHVXOWV� DUH� PRUH�

signi¿cant� when� combined� with� experimental�
VWXGLHV�� 7KLV� FRPELQDWLRQ� LV� WR� LQFUHDVH� WKH�

OLNHOLKRRG� RI� VXFFHVV�� UHGXFH� WKH� YROXPH� RI�

experimental�study,�and�create�the�scienti¿c�basis�
WR�DGMXVW�DQG�UHFRPPHQG�DSSURSULDWH�FDOFXODWLRQ�

PHWKRGV�IRU�QH[W�VWXGLHV�
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