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摘?要?金纳米棒的各向异性生长常被认为是由于金表面吸附溴化十六烷基三甲基铵
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&6g8_’双分子层导致的# 利用密度泛函理论&[bg’研究溴离子在&#%%’"&##%’和&###’! 种
金表面上可能的吸附位点!根据它构建金表面6g8_双分子层模型!再利用分子动力学模拟方
法研究这种烷基链互相交错排布的双分子层的结构# 此外!动力学性质研究表明外层 6g8_
有着明显的横向扩散现象!而在法向上则出现上下起伏振动# 相比较而言!在&###’表面上的
双分子层结构的横向扩散和法向涨落更加显著# 用外层单个 6g8n脱离双分子层所需要的能
量表征金表面6g8_双分子层的稳定性# 结果表明&###’表面的 6g8_双分子层的稳定性弱
于其他两种金表面上的6g8_双分子层# 认为这是因为&###’表面上的 6g8_双分子层的排
布密度相对较低!导致它相对于其他两种表面的双分子层有更高的扩散性和较低的稳定性#
这可能是金纳米颗粒倾向于沿&###’表面生长的原因#
关键词?6g8_双分子层$ 金纳米颗粒$ 吸附$ 密度泛函理论$ 分子动力学模拟
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#>g7234,T0-045(.,:3(*W40(+ (+ 7(--(S 304203
3)W2*0(*4(T*0:P23042,+: ,4(W 3042(+ 8)!#%%" ,+:
8)!###" .,9243>I+ 8)!##%" .,924# 47234,T0-045(.
,:3(*W40(+ (+ T*0:P23042,:L,92+44(+20P7T(*8)
,4(;3033)W2*0(*4(472(472*3><)T32h)2+4-5# S2
0+12340P,42: 472,:3(*W40(+ 30423(.329(+:,*5_*0(+
(+ 8)!#%%" ,+: 8)!###" .,9243T5;2,+3(.[bg
9,-9)-,40(+3!322b0P><$ "# ,+: 9,-9)-,42: 472
,:3(*W40(+ 2+2*P023!0+ g,T-2<#">b(*2,97 (.472
4S(.,9243# 472 7(--(S 304203472;(3434,T-2
,:3(*W40(+ 3042> 899(*:0+P-5# 472 )+0492--(.
,:3(*T2: _*S,39(+34*)942: !322b0P>$ ">g72
W,*,;242*3(.472)+0492--(+ 8)!#%%" ,*2( mYm
GJ&HZ l# ,+: 472 ,*2, 03!!J$&% l$> g72

#"



中国科学院大学学报 第 !" 卷

W,*,;242*3(+ 8)!###" ,*2( m"JFFG l,+: Ym
&J$GZ l# ,+: 472,*2,03!HJ%#" l$>_(47 )+0492--3
,*23-0P74-5-,*P2*47,+ 4726g8_72,: P*()W S047
47230d2(.!$ 8$ &!H’>83.(*4729,32(.8)!##%"#
S20+12340P,42: 30DW(330T-2)+0492--3(.,:3(*T2: _*
0(+3!322b0P><!"# ,+: 9,-9)-,42: 472,:3(*W40(+
2+2*P023!0+ g,T-2<$">g72W,*,;242*3(.W*(W2*
)+0492--S232-2942: ,*2(m"JFFG l,+: Ym&J%H"
l# ,+: 472,*2,03!GJ$Z! l$# ,-3(3-0P74-5-,*P2*
47,+ 4726g8_ 72,: P*()W>R+ 3);;,*5# 472
W,9U0+P:2+304023.(*6g8_T0-,52*(+ 8) !#%%"#
8)!##%"# ,+: 8) !###" 3)*.,923,*2!J%## $JZ!#
,+: $J&Z +);T2*K+;!# *23W294012-5# S7097 030+
-0+2S047 4722DW2*0;2+4,-(T32*1,40(+347,4472*203,
9-(32-5W,9U2: 6g8_ T0-,52*(+ P(-: 3)*.,923>
N2+92# S2S2*2,T-24(9(+34*)94*2,3(+,T-2‘[
30;)-,40(+ ;(:2-3(.6g8_T0-,52*,:3(*T2: (+ P(-:
+,+(*(: 3)*.,923>
@I@H!F#S.-6.-14.5(1.2$-2/+V>P5.,#;34

g7234*)94)*23(.9(+34*)942: 6g8_ T0-,52*3
S2*2472+ *2-,D2: T53)T32h)2+4‘[30;)-,40(+>
g72:034,+92T24S22+ +04*(P2+ (.6g8_0+ 472()42*
-,52*,+: 472P(-: 3)*.,92S,39,-9)-,42:>R+ 472
9,323(.8) ! ### " ,+: 8) ! ##% "# 472:034,+92
h)09U-597,+P2: .*(;$JFH 4($JZZ +;!8)!###""
,+: .*(;$JZ" 4($JF% +;!8)!##%"" S0470+ G +3
!322b0P><"">V70-247234*)94)*,-*2-,D,40(+ 03
*2-,4012-5 3-(S (+ 8) ! #%% "# 472 :034,+92
W*(P*233012-5:29*2,32: .*(;!J%F 4(!J%$ +;40--)
mG% +3!322b0P><"">g729(+.0P)*,40(+3(.6g8_
T0-,52*3,.42*2h)0-0T*0);,*237(S+ 0+ b0P>$>

<)T32h)2+4-5# S297,*,942*0d2: 47234*)94)*2(.
2h)0-0T*,42: 6g8_T0-,52*3(+ 47*22P(-: 3)*.,923T5
9,-9)-,40+P472:2+3045:034*0T)40(+3(.+04*(P2+ (.
6g8n0+ ()42*-,52*#_*0(+#,+: S,42*!322b0P>!">

R+ 4729,32(.8) !#%%" 3)*.,92!322b0P>!
!,""# 472*2,*2.()*W,-W,T-2W2,U3,-(+P472
:034*0T)40(+ :2+3045.)+940(+ 9)*12.(*472 72,:
P*()W3. +04*(P2+ ,4(;3>g72W(3040(+3(.472W2,U3
,*2,4\m$JHG# $JF## !J#G# ,+: !J" +;>g72P,W
3W,90+P3T24S22+ ,:L,92+4W2,U3,*2,-;(34472
3,;2# 0>2># "\m%J$G +;# S7097 03*()P7-52h),-
4(4723W,90+PT24S22+ 9,*T(+ ,4(;3S7097 ,*2
T(+:2: 4(4729(;;(+ 470*: 9,*T(+ ,4(; 0+ 472

g72()42*-,52*(.T0-,52*S,39(-(*2: 0+ T-)2,+: 4720++2*-,52*S,3
9(-(*2: 0+ P*22+>g72_*,+: @,0(+30+ 3(-)40(+ S2*237(S+ 0+ W0+U
,+: -0P7452--(S>
L.%*@HW42R2-36#44#$%373$1-2/#6-24536P4.2$-2$
%2,6/#031-##% 5% 0$% #$6-$#R-"21-2/+V>P5.,#;34
2$%2,6-(4/#03-#11"33a(.,.54.(7R2.$1-#6% 3% /$

H

2D42+:2: ,-U,+297,0+>N2+92# 472()42*-,52*
9(+30343(..()*3)TC-,52*3# :2+(42: ,3<\# !#%%"#
<\$ ! #%% "# <\! ! #%% "# ,+: <\" ! #%% "#
*23W294012-5>g72*2 ,*2 47*22 W2,U3,-(+P 472
:034*0T)40(+ 9)*12.(*_*,+0(+3,+: 472;,L(*W2,U
03,4\m$J&F +;>R+42*2340+P-5# 47232W2,U3,*2
-(9,42: 0+CT24S22+ 472W2,U3(.6g8n 72,: P*()W3>
g72_*0(+3322;4(0+32*4T24S22+ 6g8n3)TC-,52*3
T29,)32(.2-294*(34,409 ,44*,940(+> g72*2 03,
32W,*,42: W2,U ,-(+P+(*;,-0d2: S,42*:2+3045W*(.0-2
,4\m$J&$ +;>R40;W-02347,43(;2S,42*;(-29)-23
,*22+4*,WW2: 0+ 472()42*-,52*>

R+ 4729,32(.8) !##%" !322b0P>! ! T""#
472*2,*2.012W,-W,T-2W2,U3,-(+P472:034*0T)40(+
:2+3045.)+940(+ 9)*12.(*+04*(P2+>g72W(3040(+3(.
472W2,U3,*2,4\m$JH!# $J&!# $JF%# !J%%# ,+:
!J#$ +;# ,+: S2:2+(42472*23W2940123)TC-,52*3,3
<\#!##%"# <\$ !##%"# <\! !##%"# <\" !##%"#
,+: <\G ! ##% "# *23W294012-5> g72 W2,U3
9(**23W(+:0+P4(<\# ! ##% " ,+: <\" ! ##% " ,*2
;)97 70P72*47,+ 472(472*3>g72*203(+-5(+2W2,U
,-(+P472:2+3045W*(.0-2(._*0(+3,4\m$J&F +;#
0>2># ,44720+42*1,-T24S22+ <\# !##%" ,+: <\"

$"



第 # 期 Y8@’)+# N/M7(+PT($<0;)-,40(+ (.6g8_T0-,52*,:3(*T2: (+ 8)!#%%"# 8)!##%"# ++

@(*;,-0d2: S,42*:2+30453!\" K3%# S72*23% 03T)-U S,42*:2+3045>

L.%*DHc(753463$-.1; R42/.,3-2/c2/+V>]

#$6P4Z #$6$247#,.U368#13463$-.1; R42/.,3-
H

!##% ">8-3(# 472*203,32W,*,42: W2,U ,-(+P
+(*;,-0d2: S,42*:2+3045W*(.0-2,4\m$JH% +;>

R+ b0P>!!9"# S2+(4247,4472*2,*2,-3(.012
W,-W,T-2W2,U3,-(+P472:034*0T)40(+ :2+3045.)+940(+
9)*12.(*+04*(P2+ (+ 4728) !### " 3)*.,92>g72
W(3040(+3(.472W2,U3,*2,4\m$JH"# $J&"# $JF%#
!J%## ,+: !J#$ +;>R+42*2340+P-5# 47232W2,U3
37,*24723,;2W(3040(+3,34726g8_T0-,52*(+ 8)
!##%" 3)*.,92><0;0-,*-5# S2:2+(42: 472*23W294012
3)TC-,52*3,3<\#!###"# <\$!###"# <\!!###"#
<\"!###"#,+: <\G!###">g72:2+3045:034*0T)40(+
(._*0(+3,-3(37(S3(+-5(+2:(;0+,+4W2,U ,4\m
$J&F +;>g72*203,32W,*,42: W2,U ,-(+P+(*;,-0d2:

S,42*:2+3045W*(.0-2,4\m$JH% +;>899(*:0+P4(
472S,42*:034*0T)40(+# 47275:*(W7(T09*2P0(+ (.
6g8_T0-,52*(+ 47232P(-: 3)*.,92303,*()+: $JG
+;# S7097 0312*59-(324(4722DW2*0;2+4,--5
(T32*12: 4709U+233(.$J" +;.(*47275:*(W7(T09
*2P0(+&#&# G#’>

g72 4709U+233 (.472 6g8_ T0-,52*S,3
2340;,42: T59,-9)-,40+P472:034,+92.*(;472P(-:
3)*.,924(472W(3040(+ (.472()42*;(343)TC-,52*# 0>
2># <\! ! #%% "# <\" ! ##% "# (*<\" ! ### ">
899(*:0+P-5# 4724709U+23323(.6g8_T0-,52*(+ 472
8)!#%%"# 8)!##%"# ,+: 8)!###" 3)*.,923,*2
!J#G# !J%%# ,+: !J%# +;# *23W294012-5>g72
2340;,42: 1,-)23(.4709U+233,*2,-3(9(+30342+4S047
472 2DW2*0;2+4,- *23)-43 S7097 3)PP2342: 472
4709U+233*,+P2T24S22+ !J% ,+: !JF +;>

83.(*4720++2*-,52*# 472,12*,P2:034,+923
T24S22+ 472+04*(P2+ (.6g8n 72,: P*()W3,+: P(-:
3)*.,923,*2%J!H$ +;!8)!#%%""# %J!!% +;!8)
!##%""# ,+: %J!GF +;!8)!###""# *23W294012-5>
g72*23)-433)PP23447,44726g8n72,: P*()W3,*20+
:0*2949(+4,94S047 472P(-: 3)*.,92310,472P,W
T24S2+ 472T*(;0:20(+3# *,472*47,+ ,:3(*T0+P(12*
472,:3(*T2: _*0(+3>
@IDHN#134#,6.//(-.2$023//.0.3$1-2/+V>]

.2$-
V234):02: 472-,42*,-:0..)30(+ T27,10(*(.

0+42*:0P04,42: 6g8_ T0-,52*> _29,)32 (. 472
2-294*(34,409,44*,940(+ T24S22+ 6g8n0++2*-,52*,+:
472972;03(*T2: _*0(+3# 472-,42*,-:0..)30(+ (.
6g8_T0-,52*03;,0+-5,44*0T)42: 4(043()42*-,52*>
g72:0..)30(+ 9(2..0902+43S2*29,-9)-,42: T5;2,+
3h),*2 :03W-,92;2+4 ! ‘<[" ;247(:> g72
9,-9)-,40(+ S,3T,32: (+ -,34H%C+34*,L294(*023>g72
‘<[3(.+04*(P2+ (.6g8n 72,: P*()W3(+ 8)
!#%% "# 8) ! ##% "# ,+: 8) ! ### " 3)*.,923,*2
37(S+ 0+ b0P>"!,">g72-,42*,-:0..)30(+ (.6g8n

;(-29)-230+ 472()42*-,52*0312*53-(S,+: 472
3W(+4,+2()3.-)94),40(+ 0+:)923472:210,40(+ (.‘<[
.*(;-0+2,*0450+ 472*2P0(+ (.)T24S22+ % ,+: " +3>
6(+32h)2+4-5# 472-,42*,-:0..)30(+ 9(2..0902+43S2*2
(T4,0+2: T5)30+P,-2,343h),*23.044(472‘<[3
.*(;)m" 4(#% +3

!"
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S72*21!)" 03472W(3040(+ (.+04*(P2+ ,440;2)Eg72
:0..)30(+ 9(2..0902+43(.6g8_T0-,52*(+ 8)!#%%"#
8)!##%"# ,+: 8)!###" ,*2#JF" k#% ]#%# #JF& k
#% ]#%# ,+: "J%# k#% ]#% 9;$K3# *23W294012-5>g72
:0..)30(+ 9(2..0902+4(.472T0-,52*(+ 8) !###" 03
,T()4$ 40;23.,342*47,+ 4729()+42*W,*43(+ 472
(472*P(-: 3)*.,923>g72:0..)30(+ (.6g8_T0-,52*03
;)97 3-(S2*47,+ 472.*2234,+:0+PT0-,52*!2>P>#
YIY6(*[YY6"# S7(32:0..)30(+ 9(2..0902+43,*2
T24S22+ %JZ k#% ]& ,+: #JH k#% ]& 9;$K3&G$’>g72
W((*.-)0:045(.4726g8_T0-,52*37()-: *23)-40+
-(+P2*3)*101,-40;2(.4721,9,+90230+ 472T0-,52*
,+: .,90-04,42 472 ,:3(*W40(+ (. 75:*(W7(T09
;(-29)-23&G#’>
@IEHL,(01(#1.2$-2/2(134,#;34.$UF#S.-

R+ ,::040(+# S234):02: 472.-)94),40(+ (.472
6g8n,-(+P4723)*.,92+(*;,->V29,-9)-,42: 472
:034*0T)40(+ (.dCW(3040(+ (.2,97 6g8n 72,: P*()W
0+ 472 ()42* -,52*> <212*,- *2W*232+4,4012
:034*0T)40(+3,*237(S+ 0+ b0P><G>‘(*2(12*# 472
:034*0T)40(+3(.212*5 6g8n 72,: P*()W S2*2
,12*,P2: 4((T4,0+ 472W*(T,T0-045:034*0T)40(+ (.472
S7(-2-,52*!322b0P>" ! T "">g72W*(T,T0-045
:034*0T)40(+ 039-(324(472+(*;,-:034*0T)40(+>g72
.)--S0:47 ,47,-.;,D0;); !bVN‘" (.472
:034*0T)40(+ S,39,-9)-,42: ,+: )32: 4(97,*,942*0d2
472,;W-04):2(.472.-)94),40(+ ,-(+P4723)*.,92
+(*;,->g72bVN‘(.6g8_T0-,52*3(+ 8)!#%%"#
8)!##% "# ,+: 8) !### " ,*2%J""# %JG!# ,+:
%JH& l# *23W294012-5>N2+92# 4726g8_T0-,52*(+
8)!###" 3)*.,92)+:2*P(23-,*P2*.-)94),40(+ 47,+
47,4(+ 472(472*3)*.,923>
@IJH>:34#%36.--20.#1.2$3$34%;

V22340;,42: 47234,T0-045(.6g8_T0-,52*3T5
9,-9)-,40+P4722+2*P5*2h)0*2: .(*:033(90,40(+ (.,
6g8n ;(-29)-2.*(; 472,:3(*T2: T0-,52*>‘(*2
3W290.09,--5# 3422*2: ;(-29)-,*:5+,;093! <‘["
30;)-,40(+3S2*2W2*.(*;2: .(*:033(90,40(+ (.,
30+P-26g8n;(-29)-2.*(;472()42*-,52*# ,+: 472
9(**23W(+:0+P S(*U S,39,-9)-,42:> 8337(S+
,T(12# 472*2,*23212*,-3)TC-,52*30+ 472()42*
-,52*>g726g8n;(-29)-230+ ,--472W*0;,*53)TC

L.%*EHX;$#7.0#,R42R341.3-2/+V>P5.,#;34
H

-,52*3S2*297(32+>g72:033(90,40(+ 2+2*P5W*(.0-23
S047 472 W)--0+P 12-(9045 (.%JG +;K+3S2*2
9,-9)-,42: !b0P><H">b(*4726g8_T0-,52*3(+ ,--
47*22P(-: 3)*.,923# 472:033(90,40(+ 2+2*P5(.472
()4;(343)TC-,52*039(+30:2*,T-53;,--2*47,+ 47,4(.
472(472*3)TC-,52*3>R+ (472*S(*:# 4726g8n

;(-29)-20+ 472()4;(343)TC-,52*03;(*20+9-0+24(
:033(90,42>N2+92# 472:033(90,40(+ 2+2*P5(.6g8n

;(-29)-230+ 472323)TC-,52*3!0>2># <\! !#%%"#
<\"!##%"# <\"!###"" S,3,:(W42: 4(21,-),42472
34,T0-045(.6g8_ T0-,52*>b(*2,97 35342;# 30D
6g8n ;(-29)-23S2*232-2942: ,+: 472,12*,P2
:033(90,40(+ 2+2*P023S047 .()*:0..2*2+4W)--0+P
12-(904023# 0>2># %JG# #J%# $J%# ,+: "J% +;K+3
S2*29,-9)-,42: 32W,*,42-5>

8337(S+ 0+ b0P>G# 472*2-,401234,T0-045(*:2*
(.6g8_T0-,52*(+ 47232P(-: 3)*.,92303W*232+42:
,3.(--(S3!#%%" o!##%" o!###">b(*2D,;W-2#
472:033(90,40(+ 2+2*P023(.6g8n;(-29)-23S047 472
W)--0+P12-(9045(.%JG +;K+3,*2!"JZ U9,-K;(-
!8) !#%% ""# !$J! U9,-K;(-!8) ! ##% ""# ,+:
$ZJZ U9,-K;(-!8)!###"">g72*23)-43,*20+ P((:
,P*22;2+4S047 4722DW2*0;2+4,-(T32*1,40(+ 47,4
6g8_42+:34(,:3(*T (+ 472! #%% " (*! ##% "
3)*.,92*,472*47,+ 472!###" 3)*.,92&#!# G!’>

""



第 # 期 Y8@’)+# N/M7(+PT($<0;)-,40(+ (.6g8_T0-,52*,:3(*T2: (+ 8)!#%%"# 8)!##%"# ++

L.%*JHX.--20.#1.2$3$34%; 2/+V>P5.,#;34
H

@IKH>$%,36.-14.5(1.2$/($01.2$-
8337(S+ ,T(12# 47234,T0-045(.6g8_T0-,52*

(+ 8) !### " 039(+30:2*,T-5S2,U2*47,+ (+ 8)
!##% " 212+ 47()P7 4720*,**,+P2;2+43,*2h)042
30;0-,*>g(.)*472*34):5472;297,+03; (.4720*
34,T0-04023# S20+12340P,42: 472(*02+4,40(+3(.6g8n

;(-29)-23T59,-9)-,40+P472,+P-21T24S22+ 6g8n

,+: 3)*.,92+(*;,->g72W*(T,T0-045:034*0T)40(+3(.
6g8n(*02+4,40(+ 0+ 4720++2*,+: ()42*-,52*3,*2
37(S+ 0+ b0P>H>R+ 4729,32(.8) ! ##% "# 472
,12*,P211,-)23.(*T(47 -,52*3,*2$J#u# ,+:
6g8n ;(-29)-23 0+ T(47 -,52*3 ,*2 S2--
W2*W2+:09)-,*4(472P(-: 3)*.,92>83.(*4726g8_
T0-,52*(+ 8) !###"# 472,12*,P211,-)2(.472
()42*-,52*03$J%u# ,+: 0403W,*,--2-4(4723)*.,92
+(*;,->N(S212*# 472,12*,P211,-)2.(*4720++2*
-,52*03)W 4(GJ%u# S7097 3)PP234347,44726g8n

;(-29)-23,:(W4;(*240-40+P(*02+4,40(+>g726g8n

;(-29)-230+ 4S(-,52*3,*2+(-(+P2*W,*,--2-4(2,97
(472*>N2+92# 472S2,U2*34,T0-045(.6g8_T0-,52*
(+ 8)!###" 03:)24(472.,9447,44S(6g8_-,52*3
,*2+(4S2--,-0P+2:>

DH+2$0,(-.2$
R+ 470334):5# S2.0*340+12340P,42: W(330T-2

,**,+P2;2+43(.,:3(*W40(+ 30423(.T*(;0:20(+ (+
8)! #%% "# 8) ! ##% "# ,+: 8) ! ### " .,9243T5
W2*.(*;0+P [bg 9,-9)-,40(+3> <)T32h)2+4-5#
;(-29)-,*:5+,;09330;)-,40(+3(.6g8_T0-,52*3(+
47247*22P(-: 3)*.,923S2*2W2*.(*;2:>V237(S2:
,+(12-0+42*:0P04,42: T0-,52*.(*;2: (+ P(-: 3)*.,92>
g724709U+233(.T0-,52*# ,3472:034,+92T24S22+
W2*0W72*53)TC-,52*,+: P(-: 3)*.,92# S,32340;,42:#

g723(-0: -0+2,+: :,37 -0+2*2W*232+42: ()42*-,52*,+: 0++2*

-,52*(.4726g8_T0-,52*# *23W294012-5>

L.%*KH>$%,36.-14.5(1.2$-2/1"3+V>].2$-
H

,+: 47275:*(W7(T09*2P0(+ (.6g8_T0-,52*S,3
:2.0+2: ,3472*2P0(+ 0+ 472,T32+92(.S,42*>g72
2340;,42: 1,-)23.(*4724709U+233(.T(47 T0-,52*3
,+: 47275:*(W7(T09*2P0(+ ,*20+ ,P*22;2+4S047 472
2DW2*0;2+4,-*23)-43> V2 ,-3( 2;W-(52: ‘<[
;247(: 4((T4,0+ 472:0..)30(+ 9(2..0902+4(.472
6g8_T0-,52*>g72:0..)30(+ S0470+ 3)97 0+42*:0P04,42:
T0-,52*03;)97 3-(S2*47,+ 47,40+ +(*;,-T0-,52*3>
g72:0..)30(+ S0470+ 6g8_T0-,52*(+ 8) ! ### "
3)*.,9203*2-,4012-5.,342*47,+ 47,4(+ 472(472*
3)*.,923>_230:23# 472.-)94),40(+ ,-(+P3)*.,92
+(*;,-03;(*29(+30:2*,T-2(+ 8)!###" 3)*.,92>
R+ ,::040(+# 47234,T0-045(.6g8_ T0-,52*3S,3
2340;,42: 0+ 42*;3(.472:033(90,40(+ 2+2*P5(.30+P-2
6g8n ;(-29)-2><0;0-,*-5# 47234,T0-045(.6g8_
T0-,52*3(+ 8)!###" 039(+30:2*,T-5-(S2*47,+ 47,4
(+ 472(472*4S(3)*.,923>g72:0..2*2+9230+ 34,T0-045
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