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TÓM�TẮT

Trong�những�năm�gần�đây,�sự�hiểu�biết�về�các�quá�trình�trên�bề�mặt�vật�liệu�là�chủ�đề�quan�tâm�đối�với�các�

nhà�khoa�học.�Giai�đoạn�hấp�phụ�quan�trọng�đối�với�những�nhìn�nhận�xa�hơn�về�các�tương�tác�bề�mặt�và�các�phản�

ứng�quang�xúc�tác.�Trong�nghiên�cứu�này�chúng�tôi�sử�dụng�các�tính�toán�lý�thuyết�phiếm�hàm�mật�độ�để�khảo�sát�

sự�hấp�phụ�sulfamethoxazole�(SMX)�trên�bề�mặt�rutile�TiO
�
��������U�7�2

�
).�Các�kết�quả�chỉ�ra�rằng�quá�trình�SMX�

hấp�phụ�trên�r-TiO
�
�là�khá�mạnh�với�năng�lượng�hấp�phụ�khoảng�-51�kcal.mol���thu�được�tại�phiếm�hàm�vdW-DF2.�

Các�cấu�hình�hấp�phụ�được�làm�bền�chủ�yếu�bởi�các�tương�tác�tĩnh�điện�giữa�nhóm�>S=O�với�các�vị�trí�Ti
�I
.�Bên�

cạnh�đó,�các�liên�kết�hydro�kiểu�C/N-H���2
E
�được�đánh�giá�như�sự�bổ�sung�quan�trọng�trong�việc�làm�bền�các�phức.�

Các�phân�tích�AIM�và�sự�chuyển�mật�độ�điện�tích�khẳng�định�sự�tồn�tại�và�vai�trò�của�các�tương�tác�bề�mặt�trong�

quá�trình�hấp�phụ.�

Từ�khóa:�Sulfamethoxazole,�rutile-TiO
�
�(001),�DFT,�phiếm�hàm�vdW.
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In�recent�years,�the�understanding�of�processes�on�material�surfaces�has�drawn�considerable�interest�from�

VF�HQW�VWV��7KH�DGVRUSW�RQ�VWD�H��V��PSRUWDQW�IRU�IXUWKHU��QV��KWV��QWR�VXUIDFH��QWHUDFW�RQV�DQG�SKRWRFDWDO�W�F�UHDFW�RQV��

In� this� study,�we�use�density� functional�theory� computations�to� investigate� the�adsorption�of�sulfamethoxazole�

�60;��PROHFXOHV�RQ�WKH�UXW�OH�7�2
�
�������VXUIDFH��U�7�2

�
���5HVXOWV�VKRZ�WKDW�WKH�SURFHVV�RI�60;�DGVRUEHG�RQ�

U�7�2
�
��V�TX�WH�VWURQ��Z�WK�DQ�DGVRUSW�RQ�HQHU���RI�����NFDO�PRO���REWD�QHG�DW��G:�')��IXQFW�RQDO��7KH�DGVRUSW�RQ�

con�gurations�are�stabilized�mainly�by�electrostatic�interactions�between�>S=O�group�and�Ti
�I
�sites.�Besides,�the�

&�1�+���2
E
�K�GUR�HQ�ERQGV�DUH�H�DOXDWHG�DV�DQ��PSRUWDQW�DGG�W�RQ��Q�VWDE�O�]�Q��FRPSOH[HV��7KH���0�DQG�FKDU�H�

density�transfer�analyses�con�rm�the�existence�and�role�of�surface�interactions�in�the�adsorption�process.�

Keywords:�Sulfamethoxazole,�rutile-TiO
�
�(001),�DFT,�vdW�functional.

*�Corresponding�author.�
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���,175ODUCTION

3KRWRFDWDO�VWV� KD�H� UHFHQWO�� HPHU�HG� DV�

DWWUDFW��H� �QWHUHVWV� DQG� DUH� Z�GHO�� DSSO�HG�

in� energy,� environmental,� and� health� �elds�

because� of� their� signi�cant� properties.�

6HP�FRQGXFWRU�PDWHU�DOV� ZHUH� H�DOXDWHG� DV� DQ�

ef�cient� approach� in� advanced� photocatalytic�

SURFHVVHV��� �W� �V� QRW�FHDEOH� WKDW� 7�2
�
� �V� RQH� RI�

WKH�SRWHQW�DO�FDQG�GDWHV�DQG� �V�FRPPRQO��XVHG�

IRU� SKRWRFDWDO�V�V��� Besides,� the� rutile-TiO
�
�

������ IRXQG�FRQV�GHUDEO��XSRQ� WKH� UXW�OH�SKDVH�

formation� is� regarded� as� a� highly� reactive,�

SKRWRFDWDO�W�F� IDFHW����� However,� this� facet� has�

QRW�EHHQ�ZKROO���Q�HVW��DWHG�DERXW�UHDFW�RQV�RU�

�QWHUDFW�RQV�RQ��WV�VXUIDFH�EHIRUH��

In� addition,� sulfamethoxazole� (SMX)�

�V� D�Z�GH�ERDUG� DQW�E�RW�F� DQG�Z�GHO�� XVHG� IRU�

EDFWHU�DO� �QIHFW�RQV�� 7KH� H[�VWHQFH� RI� WKH�U�

residues� in� aquatic� environments� signi�cantly�

DIIHFWV� WR� O�IH� DQG� �URZWK� RI� RU�DQ�VPV�6,7� 7KH�

UHPR�DO� RI� SROOXWHG� FRPSRXQGV� �V� WKXV� SD�G�

more�attention�by�scientists.�In�previous�reports,�

PDWHU�DOV� EDVHG� RQ� 7�2
�
� ZHUH� �Q�HVW��DWHG� WR�

remove� various� organic� pollutants,� especially�

IRU� DQW�E�RW�FV������ Further,� adsorption� is�critical�

in� complex� processes� on� material� surfaces,�
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including� photocatalysis,� sensing,� and� storage.�

8QGHUVWDQG�Q�� RI� VXUIDFH� �QWHUDFW�RQV� SOD�V� DQ�

HVVHQW�DO�UROH��Q�H�DOXDW�Q��WKH�DGVRUSW�RQ�DE�O�W��

DQG�UHDFW�RQ�PHFKDQ�VP���

Recently,� computational� chemistry�

PHWKRGV�KD�H�EHHQ�DSSO�HG�IRU�H�DOXDW�Q��DQG�

XQGHUVWDQG�Q�� VXUIDFH� SKHQRPHQD���� 8V�Q��

quantum� chemical� calculations� clari�ed� the�

�QWHUPROHFXODU� �QWHUDFW�RQV�EHWZHHQ�PROHFXOHV�

DQG� PDWHU�DO� VXUIDFHV� VXFK� DV� 7�2
�
�14,15�

Signi�cantly,� including� van� der� Waals� forces�

�Q� FRPSXWDW�RQV� SUR��GHG� D� EHWWHU� H�DOXDW�RQ�

RI� WKH� DGVRUSW�RQ� DE�O�W�� RI� PROHFXOHV� RQ�

PDWHU�DO� VXUIDFHV���� However,� the� origin� and�

UROH�RI�VXUIDFH��QWHUDFW�RQV�EHWZHHQ�FRPSRXQGV�

FRQWD�Q�Q�� �6 2� IXQFW�RQDO� �URXSV� VXFK�

DV� VXOIDPHWKR[D]ROH� �60;�� Z�WK� PDWHU�DO�

surfaces,� such� as� rutile-TiO
�
� ������ IDFHW�

�U�7�2
�
),�have�not�been�examined�entirely�yet.�

Hence,�in�this�work,�we�use�quantum�chemical�

FRPSXWDW�RQV� WR� �Q�HVW��DWH� WKH� DGVRUSW�RQ� RI�

60;�RQ�U�7�2
�
�WR��D�Q��QV��KWV��QWR�WKH�VXUIDFH�

�QWHUDFW�RQV��

2.�COMPUTATIONAL�DETAILS

The� SMX� molecule,� r-TiO
�
� structures,� and�

adsorption� con�gurations� are� optimized� using�

GHQV�W��IXQFW�RQDO�WKHRU���')7���7KH��G:�')��

IXQFW�RQDO��V�XVHG�WR��QFOXGH��DQ�GHU�:DDOV�IRUFHV�

�Q� FDOFXODW�RQV����7KH�N�QHW�F� FXW�RII� HQHU��� �V�

VHW� XS� DW� ���� H9� Z�WK� D� ����� H9� FRQ�HU�HQFH�

�QGH[�� 7KH� %U�OORX�Q� ]RQH� �V� VDPSOHG� DW� WKH�

*DPPD�FHQWHU�Z�WK�WKH�N�SR�QW�PHVK�RI�2�x�2�x�1���

The�model�slab�(a�=�b�=�18.38�Å,�c�=�30.00�Å)�is�

GHV��QHG�Z�WK�D��DFXXP�VSDFH�RI����c�WR���QRUH�

ERXQGDU�� �QWHUDFW�RQV�� 7KH� DGVRUSW�RQ� HQHU���

�(
�
���V�FDOFXODWHG�E��H[SUHVV�RQ�

(
�
� �(

&�
��(

0�
��(

6
��

:KHUH� (
&
,� E

0
,� E

6
� DUH� HQHU��� �DOXHV� RI�

optimized� structures� for� complexes,� SMX�

molecule,� and� r-TiO
�
,� respectively.� Besides,�

WKH� �QWHUDFW�RQ� DQG� GHIRUPDW�RQ� HQHU��HV� DUH�

FRPSXWHG�DV�IROORZV��

(
�
� �(

&
���(

0
�
�
��(

6
���(

'0�
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0
����(
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'6�
 �(
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6
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Here,�E
�
��V�WKH��QWHUDFW�RQ�HQHU����(

'0
�DQG�

(
'6�
DUH�GHIRUPDW�RQ�HQHU����DOXHV�IRU�PROHFXOH�

DQG� VXUIDFH�� (
0
�� DQG� (

6
�� DUH� WKH� V�Q�OH�SR�QW�

HQHU����DOXHV�RI��VRODWHG�60;�DQG�U�7�2
�
��Q�WKH�

RSW�P�]HG� FRPSOH[HV�� 7KHVH� FDOFXODW�RQV� DUH�

SHUIRUPHG�E��WKH�9�63�SUR�UDP����Besides,�the�

FKDUDFWHU�VW�FV� VXFK� DV� PROHFXODU� HOHFWURVWDW�F�

potential� (MEP)� map,� deprotonation� enthalpy�

(DPE),� and� proton� af�nity� (PA)� at� sites� of�

SMX�molecule�are�considered�at�the�B3LYP/6-

31G(d,p)� level� of� theory� and� carried� out� by�

WKH�*DXVV�DQ����SUR�UDP����7KH�H[�VWHQFH�DQG�

VWUHQ�WK�RI�VXUIDFH��QWHUDFW�RQV�DUH�GHWHUP�QHG�

E�� WKH� DWRPV��Q�PROHFXOHV� ���0�� WKHRU��

and� charge� density� transfers� at� the� B3LYP/6-

31G(d,p)�level.���Moreover,�the�hydrogen�bond�

HQHU����(
+%
���V�FRPSXWHG�IURP�HOHFWURQ�GHQV�W��

SRWHQW�DO� �9�U��� WKURX�K� ��0� DQDO�V�V� DQG�

IROORZHG�E��WKH�H[SUHVV�RQ��(
+%
� �����9�U�����

3.�RESULTS�AND�DISCUSSION

�����2SWLPL�HG�VW��FW��HV

3HUIRUP�Q��WKH�RSW�P�]DW�RQ�RI�WKH��HRPHWU�FDO�

structures,� we� obtain� four� stable� adsorption�

con�gurations�denoted�by�6�,�6�,�6�,�and�6�,�

DV�VKRZQ��Q�)��XUH����
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7KH� �QWHUPROHFXODU� G�VWDQFHV� RI� 7�
�I
���O,�

+���2
E
�contacts�are�in�the�ranges�of�2.065�-�2.315�Å,��

1.680�-�2.697�Å,�respectively.�These�values�are�

VPDOOHU� WKDQ�WKH�WRWDO�RI��DQ�GHU�:DDOV�UDG���RI�

DWRPV� �Q�RO�HG� �Q� �QWHUDFW�RQV�� 7KH� ERQG�Q��

DQ�HOV� EHWZHHQ� &�1�+���2
E
� DQG� 6�2���7�

�I
�

FRQWDFWV�UDQ�H�RI����������������R�DQG����������

������R,�respectively.�The�bond�length�changes�in�

forming� intermolecular� interactions� for�C/N-H,�

S-O� are� also� examined.�Accordingly,� the� bond�

elongations�of�0.011�-�0.037�Å,�0.033�-�0.049�Å,�

and�0.001�-�0.004�Å�are�found�for�S-O,�N-H,�and�

C-H�bonds.�Besides,�the�adhesion�of�SMX�onto�

U�7�2
�
��V�DUUDQ�HG�KRU�]RQWDOO���7KH�HOHFWURVWDW�F�

�QWHUDFW�RQV� DSSHDU� DW� WKH� K��K� QH�DW��H�

SRV�W��H� FKDU�H� GHQV�W�� V�WHV� RI� �6 2� DQG�7�
�I
�

in� con�gurations� similar� to� recent� reports.���

7KHVH� UHVXOWV�DUH�FRQV�VWHQW�Z�WK� WKH� IRUPDW�RQ�

RI� �HRPHWU�FDO� VWUXFWXUHV� RI� RWKHU� PROHFXOHV�

DGVRUEHG� RQ�7�2
�
� VXUIDFHV�14-16,22� Consequently,�

the�stability�of�adsorption�con�gurations�depends�

RQ�WKH�7�
�I
���O,�H���2

E
��QWHUDFW�RQV��Q�D�KRU�]RQWDO�

DUUDQ�HPHQW�RI�60;�RQ�U�7�2
�
�

�����(QH�J��DVSHFWV�

The� adsorption,� interaction,� and� deformation�

energies� for� the� stable� con�gurations� and�

PRQRPHUV�DUH�REVHU�HG�DW��G:�')��IXQFW�RQDO�

DV��DWKHUHG��Q�7DEOH����

7DEOH� ��� 7KH� HQHU��� DVSHFWV� RI� WKH� DGVRUSW�RQ�

con�gurations�(in�kJ.mol����

(
�

(
,

(
�6

(
�0

6� ������ ������ ���� ����

6� ������ ������ ���� ����

6� ������ ������ ���� ����

6� ������ ������ ���� ����

7KH�FDOFXODWHG�UHVXOWV� �PSO��WKDW�WKH�(
DGV
,�

(
�QW
�values�are�in� the�range�of� -167.3�to�-214.4,�

-215.0� to� -247.5� kJ.mol��,� respectively,� and�

GHFUHDVH�V�P�ODUO���Q�WKH�RUGHU�RI�6����6����6��

��6�.�Therefore,�6��is�the�most�stable�complex,�

DQG�6���V�WKH�OHVV�VWDEOH�RQH���W��V�QRWHG�WKDW�6��

�V� VWDE�O�]HG� E�� WZR� 7�
�I
���2� �QWHUDFW�RQV� DQG�

&�+���2
E
�K�GUR�HQ�ERQGV�ZK�OH� WKH� VWDE�O�W��RI�

6�� is� contributed� signi�cantly� by� two� Ti
�I
���2�

�QWHUDFW�RQV��7KH�VWUHQ�WK�RI�6��DQG�6���V�EDVHG�RQ�

RQH�7�
�I
���2��QWHUDFW�RQ�DQG�1�&�+���2

E
�K�GUR�HQ�

bonds.�Hence,�the�stability�of�complexes�mainly�

GHSHQGV�RQ�7�
�I
���2�HOHFWURVWDW�F��QWHUDFW�RQV�DQG�

WKH� HVVHQW�DO� DGG�W�RQ� RI� &�1�+���2
E
� K�GUR�HQ�

bonds.�Besides,� the� adsorption�of� 60;�RQ� WKH�

6� 6�

)LJ��H����The�stable�con�gurations�of�adsorption�of�SMZ�on�r-TiO
�
��G�VWDQFHV��Q�c��

6� 6�
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������IDFHW�RI�UXW�OH�7�2
�
��V�VO��KWO��ZHDNHU�WKDQ�

WKDW�IRU�RWKHU�DQW�E�RW�FV�����W��V�GXH�WR�WKH�KRU�]RQWDO�

DUUDQ�HPHQW� RI� WKHVH�PROHFXOHV� RQ� 7�2
�
� EH�Q��

more�convenient� than�SMX.�At�>C=O,�-COOH�

groups,�the�negative�charge�density�is�higher�than�

at� >S=O.� Consequently,� stable� intermolecular�

FRQWDFWV�DUH�ID�RUDEO��IRUPHG��Q�WKHVH�V�VWHPV�DV�

FRPSDUHG�WR�60;�7�2
�
��

In� addition,� the� deformation� energy� is�

DQ�HVVHQW�DO� IDFWRU� �Q�H�DOXDW�Q�� WKH� �QWHUDFW�RQ�

DE�O�W�� DQG� VHSDUDW�RQ� RI� WKH� PROHFXOH� RQ� WKH�

PDWHU�DO� VXUIDFH� XSRQ� WKH� DGVRUSW�RQ� SURFHVV��

7DEOH���VKRZV�WKDW�WKH�GHIRUPDW�RQ�HQHU����DOXHV�

IRU�U�7�2
�
��(

'6
��DQG�60;��(

'0
��DUH�FD��������������

kJ.mol��,�and�10.4�-�21.5�kJ.mol��,�respectively.�It�

FDQ�EH�VHHQ�WKDW�D�PRUH�FRQV�GHUDEOH�FKDQ�H��Q�

�HRPHWU��RI�U�7�2
�
�IROORZ�Q��WKH�FRPSOH[DW�RQ�

�Q� FRPSDU�VRQ� WR� 60;�� &DOFXODWHG� UHVXOWV� ��DUH�

V�P�ODU� WR� UXW�OH�7�2
�
� ������ VXUIDFH� FKDQ�HV�

IROORZ�Q��WKH�DGVRUSW�RQ�RI�PROHFXOHV�FRQWD�Q�Q��

IXQFW�RQDO��URXSV�RQ��WV�VXUIDFH�14,15,22�Particularly,�

WKH�(
'6
�DQG�(

'0
��DOXHV�RI�UXW�OH�7�2

�
�VXUIDFH�DQG�

PROHFXOHV��Q�WKHVH�UHSRUWV�DUH�RI�������������NFDO�

PRO���and�3.3�-�54.0�kJ.mol��,�respectively.�Indeed,�

WKH� �QWHUDFW�RQ�EHWZHHQ�60;�DQG� U�7�2
�
�FDXVHV�

VO��KW�FKDQ�HV�RI�WKH��VRODWHG��HRPHWU�HV�IRU�WKH�

VXUIDFH�DQG�PROHFXOH�XSRQ�FRPSOH[DW�RQ���

�����(�LVWHQFH�DQG��ROH�RI�V��IDFH�LQWH�DFWLRQV

3.3.1.� MEP� analysis� and� DPE,� PA� at� sites� of�

molecules

7R�H�DOXDWH�WKH�IRUPDW�RQ�DE�O�W��RI��QWHUPROHFXODU�

interactions,� we� carried� out� computations� on�

FKDUDFWHU�VW�FV� RI� PROHFXOHV� �QFOXG�Q�� 0(3�

and�DPE,�PA�at�sites.�The�calculated�results�are�

�OOXVWUDWHG��Q�)��XUH���DQG����HQ��Q�7DEOH���

)LJ��H� ��� The� optimized� geometry� and� MEP� map� of� sulfamethoxazole� at� B3LYP/6-31G(d,p)� level� (electron�

GHQV�W�� ������DX��UH��RQ�RI���������WR������DX��

7DEOH����The�deprotonation�energy� (DPE)�and�proton�af�nity� (PA)�at�bonds�and�atoms� in�sulfamethoxazole� at�

B3LYP/6-31G(d,p)�level�(all�given�in�kJ.mol����
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1
�

1
�

3� ����� ����� ����� ����� ����� �����

7KH� 0(3� PDS� IRU� VXOIDPHWKR[D]ROH�

�QG�FDWHV�WKDW�WKH�2
(2,3,4)

�DQG�1
(5,6,7)

�V�WHV�KD�H�K��K�

QH�DW��H� HOHFWURQ� GHQV�W�HV� �UHG� FRORU� UH��RQV���

7KHVH� V�WHV� VWURQ�O�� �QWHUDFW� Z�WK� SRV�W��H�

FKDU�H�UH��RQV�DW�7�
�I
�RQ�U�7�2

�
�WR�IRUP�7�

�I
���2�

attractive� electrostatic� interactions,� especially�

at� >S=O� group.� Meanwhile,� the� signi�cant�

positive�regions�at�H�atoms�(in�C-H,�N-H�bonds)�

FRQ�HQ�HQWO�� �QWHUDFW� Z�WK� WKH� QH�DW��H� FKDU�H�

V�WHV�DW�2
E
�O��Q��RQ�WKH�VXUIDFH�WR�IRUP�&�1�+���2

E
�

VWDEOH�K�GUR�HQ�ERQGV�

As�presented�in�Table�2,�the�proton�af�nity�

RI�DWRPV�GHFUHDVHV��Q�WKH�RUGHU�RI�1
�
���2

�
�2

�
�����

1
�
� �� 1

�
� �� 2

�
�� 7KH� HOHFWURVWDW�F� �QWHUDFW�RQV�

EHWZHHQ� 2�1� V�WHV� Z�WK� WKH� 7�
�I
� RQ� U�7�2

�
�

are� thus� stable,� especially� at� N
�
� DQG� 2

��
V�WHV��

Besides,� the� hydrogen� bonds� formed� between�

+� DWRPV� DQG� 2
E
� RQ� U�7�2

�
� DUH�PRUH� ID�RUDEOH�
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DW�1
�
�+

��
� WKDQ�DW�1

�
�+

�����
� DV�FRPSDUHG� WR�&�+�

ERQGV��7K�V� �V� XQGHUVWRRG� WKDW� WKH�'3(��DOXHV�

RI� 1�+� DUH� VPDOOHU� WKDQ� WKRVH� RI� &�+� ERQGV�

(cf.� Table� 2).� Indeed,� the� interactions� between�

60;�DQG� U�7�2
�
� DUH� ID�RUDEOH� DW� WKH� RSSRV�WH�

UH��RQV�RI�K��K�FKDU�H�GHQV�W��DV�ZHOO�DV�DW�WKH�

sites� that� have� strong� proton� af�nity� or� slight�

GHSURWRQDW�RQ�HQHU�����

3.3.2.�AIM�analysis�and�electron�density�transfers�

7KH� FKDUDFWHU�VW�FV� RI� WRSROR��FDO� �HRPHWU�HV�

for� the� �rst-layered� structures� are� displayed�

�Q�)��XUH��� DQG� O�VWHG� �Q�7DEOH����7KH�HOHFWURQ�

GHQV�W�� WUDQVIHUV� XSRQ� FRPSOH[DW�RQ� DUH� DOVR�

G�VSOD�HG� �Q� )��XUH� �� IRU� ZKROH� DGVRUSW�RQ�

con�gurations.

6�

6� 6�

6�

)LJ��H����The�topological�geometries�for��rst-layered�structures�of�complexes.

)LJ��H����7KH�FKDU�H�G�VWU�EXW�RQ�XSRQ�FRPSOH[DW�RQ�

6� 6�

6� 6�
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7DEOH����7KH���0�DQDO�V�V�IRU�VWUXFWXUHV��Q�)�����DW�

the�B3LYP/6-31G(d,p)�level�(ρ(r),�∇(ρ(r)),�H(r)�(in�au);�

(
+%
�(in�kJ.mol�������

%&3V ρ(r) ∇(ρ(r)) +�U� (
+%

6�
2

�
���7�

�I
����� ����� �����

2
�
���7�

�I
����� ����� �����

6�

2���7�
�I

����� ����� �����

1�+���2
E

����� ����� ������ �����

&�+
�
���2

E
����� ����� ����� ����

&�+
�
���2

E
����� ����� ����� ����

6�

2���7�
�I

����� ����� �����

1�+���2
E

����� ����� ������ �����

&�+
�
���2

E
����� ����� ����� ����

&�+
�
���2

E
����� ����� ����� ����

6�

2
�
���7�

�I
����� ����� �����

2
�
���7�

�I
����� ����� �����

&�+
�
���2

E
����� ����� ����� �����

&�+
�
���2

E
����� ����� ����� �����

)��XUH� �� VKRZV� WKDW� WKH�%&3V� DUH� IRXQG�

EHWZHHQ�7�
�I
���O,�H���2

E
��QWHUPROHFXODU�FRQWDFWV��

As�presented�in�Table�3,�the�electron�density�(ρ(r))�

�DOXHV� ��RI�7�
�I
���O,�H���2

E
�%&3V� DUH�RI� ������ WR�

0.064�au,�0.007�to�0.048�au,�respectively.�These�

�QWHUPROHFXODU�FRQWDFWV�DUH�WKXV�UH�DUGHG�DV�QRQ�

FR�DOHQW��QWHUDFW�RQV����It�can�be�con�rmed�further�

E��WKH�VO��KWO��SRV�W��H��DOXHV���RI�+�U��DW�PRVW�RI�

7�
�I
���O,�H���2

E
�BCPs.�Noticeably,� the�N-H���2

E
�

FRQWDFWV��Q�6�,�6��KD�H�QH�DW��H�+�U���DOXHV�RI�

-0.01�au,�indicating�their�partly�covalent�nature.�

The�large�ρ(r)�values�at���Ti
�I
���2�%&3V��PSO��WKH�U�

high�strength�and�signi�cant�contribution�to�the�

stability�of�complexes.�Moreover,� the�hydrogen�

ERQG� HQHU��� �(
+%
�� �DOXHV� DUH� FDOFXODWHG� DQG�

listed�in�Table�3.�Accordingly,�the�more�negative�

�DOXHV� RI�(
+%
� �Q�6�� imply� the�more�signi�cant�

FRQWU�EXW�RQ� RI� K�GUR�HQ� ERQGV� WR� �WV� VWDE�O�W��

DV�FRPSDUHG�WR�6�,�6�,�and�6���7KH�FRRSHUDW�RQ�

RI�WZR�7�
�I
���2�VWDEOH��QWHUDFW�RQV�DQG�K�GUR�HQ�

ERQGV� EU�Q�V� WKH� FRQV�GHUDEOH� VWUHQ�WK� RI� 6��

as� related� to�other�ones.�Indeed,� the�adsorption�

DE�O�W��RI�60=�RQ�WKH�������IDFHW�RI�UXW�OH�7�2
��

�V�TX�WH�VWURQ��

7KH� HOHFWURQ� GHQV�W�� WUDQVIHU� �('7�� �V�

RQH� RI� WKH� FUXF�DO� FKDUDFWHU�VW�FV� WR� GHWHUP�QH�

WKH� H[�VWHQFH� DQG� VWUHQ�WK� RI� �QWHUPROHFXODU�

�QWHUDFW�RQV�� 7KH� FRQV�GHUDEOH� WUDQVIHUV� RI�

HOHFWURQ� GHQV�W�� �Q� FRPSOH[HV� OHDG� WR� IRUP�

VWDEOH� �QWHUDFW�RQV�� 7KH� FDOFXODWHG� ('7� �DOXHV�

IRU�6�,�6��are�0.057�e�and�0.011�e,�implying�the�

PRUH�VXEVWDQW�DO�HOHFWURQ�GHQV�W��WUDQVIHUV�IURP�

60;�WR�U�7�2
�
�WR�IRUP�7����2�FRQWDFWV�WKDQ�WKH�

UH�HUVH� WUDQVIHUV� IURP� U�7�2
�
� WR� 60;� WR� IRUP�

2���H� hydrogen� bonds.� In� contrast,� the� EDT�

�DOXHV� IRU�6�� DQG�6�� are� -0.033� and� -0.012� e,�

�QG�FDW�Q��WKH�PRUH�VXEVWDQW�DO�HOHFWURQ�GHQV�W��

WUDQVIHUV� IURP� U�7�2
�
� WR� 60;�WKDQ� WKH� UH�HUVH�

WUDQVIHUV� IURP� 60;� WR� U�7�2
�
.� Therefore,� it�

FDQ� EH� VX��HVWHG� WKDW� WKH� 7�
�I
���2� DQG� +���2

E
�

�QWHUPROHFXODU� �QWHUDFW�RQV� H[�VW� IROORZ�Q�� WKH�

FRPSOH[�IRUPDW�RQ��

4.�CONCLUSIONS

7KH�VWDEOH�FRPSOH[HV�IRU�DGVRUSW�RQ�RI�WKH�60;�

PROHFXOH� RQ� WKH� UXW�OH� 7�2
�
� ������ VXUIDFH� DUH�

H[DP�QHG�DW��G:�')��IXQFW�RQDO��7KH�DGVRUSW�RQ�

HQHU���RI�WKH�FRPSOH[HV��V��Q�WKH�UDQ�H�RI��������

to� -214.4� kJ.mol���� 7KH� PD�Q� FRQWU�EXW�RQ� �V�

GHWHUP�QHG�E��WKH�DWWUDFW��H�HOHFWURVWDW�F�IRUFHV�

EHWZHHQ��6 2��URXS�DQG�7�
�I
�site,�while�the�vital�

DGG�W�RQ� RI� WKH� 1�&�+���2� K�GUR�HQ� ERQGV� �V�

found�in�stabilizing�of�adsorption�con�gurations.�

��0� DQDO�V�V� �QG�FDWHV� WKDW� WKH� �QWHUDFW�RQV�

EHWZHHQ��6 2���7�
�I
�DQG�1�&�+���2

E
�PRVWO��KD�H�

QRQ�FR�DOHQW� �Q�QDWXUH�� �W� �V�QRW�FHDEOH� WKDW�WKH�

&�1�+���2
E
�SDUWO��FR�DOHQW�K�GUR�HQ�ERQGV�SOD��

a�crucial�addition� in�stabilization.�Furthermore,�

the�electron�density�transfers�occur�signi�cantly�

IURP� 60;� WR� U�7�2
�
� IROORZ�Q�� WKH� IRUPDW�RQ�

of� the� interaction.� Indeed,� the�process�of�SMX�

DGVRUEHG�RQ�WKH�VXUIDFH�RI�U�7�2
�
��V�H�DOXDWHG�DV�

FKHP�FDO�DGVRUSW�RQ�
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