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2 9k Bz-H,0%} [Bz-H,0] 9] 7F63 F-F(N-1, N-2, C-1, C-2, LB L TS)ell thd}o] of2] o] & Sl
A AT E A3 skl e, 231 A FFIkE Ailele] IR 2 ERE o SEtql) £AF 722
HA 3ol 4] 7H TS o] E £FS B3LYPlee-pvQze|™, Bl A &dE Adtel|u A S 317 $]5to]
MP2 =59l 4] gF A (single point) ol A] AJAFS 3Fd e} =3k o34 %1 %59l v] %] (zero-point vibrational en-
ergy) BA-S slo] Adgks} vl wsled vl Adtellu] 2= N-1 -0l tls}e] MP2/cc-pVQZ/B3LYP/cc-pVQZ
o] & el A D. gtol 3.92 keal/mol, 18] 3 Do g 3.11 keal/mol 2 A 4HE| ¢l 0.1, 2H-&- 0] & 2o 4]
[Bz-H,0]™¢] C-1 T2l tHallA] D, 32 9.06 keal/mol 2] 3 Dy 742 7.82 kecal/mol & A|AFE] o] A& 7k
3} 224 2 A sk A o2 vhelyi)

FHOf: WAL= o] A, W W= Fepo] B, Al & oFol 2

ABSTRACT. The global minimum structures of the benzene-water, Bz-H,O and benzene-water cation
complex, [Bz-H,0O]" have been investigated using ab initio and density functional theory(DFT) with very
large basis sets. The highest levels of theory employed in this study are B3LYP/cc-pVQZ for geometry
optimization and MP2/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ for binding energy. The harmonic vibrational
frequencies and IR intensities are also determined at the various levels of theory to confirm whether the
structure of water complex is affected by the presence of benzene. The binding energies of Bz-H,O (N-1)
structure are predicted to be 3.92 kcal/mol (D¢) and 3.11 kcal/mol (Dy) after the zero-point vibrational energy
correction at the MP2/cc-pVQZ/B3LYP/cc-pVQZ level of theory. The binding energies of [Bz-H,0]" (C-1)
structure are predicted to be 9.06 kcal/mol for D. and 7.82 kcal/mol for Dy at the same level of theory.
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Structures

Neutral (Bz-H,0) Table 1°1| Neutral Bz-H,O com-
plexel] gt BAlF2E o] basis setol|4] B3LYP
W o2 A3} slod o1 7]3ksHA Aol ik A g
ol & AgFS vehlisdel. 7P A d Fx=
Figure 19 N-1 2 Uehdl =224 82| 47} w4l
2] sho(m) AAAFT-E} ks ATHshe ko] (m)-
4 A% R A3} Hgich wAle] complexZ
4 spiA] 'hane] A3 12072 W} glsla
ghazk A bl 1.40 A X} ozt -2 1.392
A A= ek WAl 3] o] FA T3 el E(H0)
F2pe] A7) A2l(Rem)+= B3LYP/ee-pVQZ o] &
TFrollA 3.55 Ao AL = dck o]x o] F5& 1k
g AL 2= 19921 Suzuki 5°¢] microwave
of 2]af WA} E(H,0) Ako]€] #2]i=3.347 + 0.0005
ACE B9 om, Gotch®} Zwier'=R2PI(Resonant
two-photon ionization) A5 53] WAl E-o
A FAAke1e] AR](Rem)E 3.32 £ 0.07 AR 1
w3k 9ok =3 19939 Gutowsky 5 -2 Rows
3.329 Ao wkxslglr). o]3le] o] Egho #i= 1998
d Tachikawa 572 MP2/6-311G** SrollA]<]
Rem AXREH3.174 A)o] BazElglom, 1999+ Feller™
= MP2/aug-cepVQZellA] 3211 AS R B 73} )
o} £ A7) Rewoll Higt DFT AXRRS 2318 o
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Table 1. Geometrical parameters of the neutral Bz-H>O (N-1 and N-2) complexes. Bond distances and angles shown in
A and degree, respectively.

B3LYP Previous Exp
6-311G 6-311G** cc-pVDZ cc-pVTZ cc-pVQZ theory
N-1
3174 3.32¢
Rewm 3.359 3.371 3.295 3.474 3.547 ‘H11b 3.347°
3.211 3300°
R1 0.971 0.963 0.969 0.963 0.962
R2 0.972 0.962 0.969 0.961 0.960
2/ H-O-H (0) 107.8 102.5 101.4 103.7 104.2
N-2
Remem 4.285 4.308 4.546 4.312 4.363
R1 0.970 0.962 0.969 0.961 0.960
R2 0.972 0.963 0.969 0.963 0.962
~ H-O-H (0) 109.8 104.5 103.1 104.5 104.9

“Ref. 15(MP2/6-31G**). "Ref. 10(MP2/aug-cc-pVQZ). ‘Ref. 4. ‘Ref. 3. ‘Ref. 28.

2] Ae] x=3 B3LYP/cc-pVQZ ©] 2 G550l 4] 1.391
A= Axk=lo], A AA “ilxiao‘)ﬂ/‘iJ =of| 2gk
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ek
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Qo) ALE B A ke A o1l AE Fot
52 3 Qo B AT Allstle, o]
A7} 7V 2 C-19] F2(Figure 2-a)= n-54 4
(b) 3 FASHAL 8l Bz-H09k= 22] 9] 4k2x(0)
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Table 2. Geometrical parameters of the [Bz-H,0]" (C-1, C-2, and TS) complexes. Bond distances and bond angles

shown in A and degree, respectively.

B3LYP Previous

6-311G 6-311G** cc-pVDZ cc-pVTZ cc-pVQZ theory
C-1

43" .

Rem 4.149 4.188 4.174 4.256 4.294 4.167

4.163¢

R; 2.203 2.301 2.255 2.335 2.367 2.305°

R: 2.384 2.362 2.354 2.461 2.497 2.357¢

0 63.4 62.5 63.4 60.8 60.0

C-2

Rem 3.077 3.166 3.123 3.088 3.136 3.673°

R; 2314 2.425 2.374 2.549 2.593 2.878°
TS

Rem 2.671 2.724 2.668 2.812 2.882 3.09°

*ref. 6(semiempirical method). °ref. 15(MP2/6-31G**). ‘ref. 18(B3LYP/6-31G(d,p). ‘ref. 16[B3LYP/6-311G(d,p)].

Fig. 2. The optimized structures of (a) C-1 and (b) C-2
Bz-H,O cation complexes at the B3LYP/cc-pVQZ
level of theory.

2 vepdrl 39 wlAle)e sl =7l Ao g o
alo] C)-C, Ato)2] A3 o= 1.443A 18]35 C,-Cs
Alo)9] At Aol 1371402 ARkl=le] wlAl ofo)
29 1.425A9} 1.364A B} o7k A A Alxbelo] 4
Bz-H,0¢l| v} A4 o2 Fof o3t ulAlg]e] +x

2009, Vol. 53, No. 1

A

Q
=

¢

Fig. 3. The optimized structure of TS Bz -H,O cati-
on complex at the B3LYP/cc-pVQZ level of theory.
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off Hol= thZ WAl sreje] FA4l9lel £2] 4k2x(0)
7F A8k 5 e i 9= i, WAL G
3K Sl FagE T vEbch WAl FAloE
Bl £9] AH4(0)7H4] A= B3LYP/ec-pVQZ ©] &
Fol|A] 2.882A 2 A4k i)

Vibrational Frequencies
Table 3= Bz-H,02} [Bz-H,0]" complexes2]
7V U2 oflu]#] Atell(global minimum, N-1, C-1),
7141 Abel(local minimum, N-2, C-2), 12|37 #o]
A}el(transition state, TS)Eol gl Z3} 253}

Table 3. Vibrational frequencies(cm’l) of the Bz-H,O and [Bz-H,O]  complexes at the DFT/cc-pVQZ level of

theory
Nutral Bz-H,O [Bz-H,0]"
N-1 N-2 C-1 C-2 TS

o 18.5(4.3) 15.4(6.2) 36.5(0.1) 48.1(16.6) -45.9(2.0)
oy 31.4(2.6) 31.8(3.8) 46.2(1.2) 58.3(1.5) 58.3(0.1)
o3 56.4(29.1) 71.9(33.3) 130.5(7.3) 78.7(11.8) 97.6(1.0)
o 77.6(0.4) 98.7(69.0) 149.2(0.2) 131.8(22.3) 101.3(7.8)
os 131.1(68.8) 131.0(78.6) 197.1(0.1) 312.5(15.1) 215.2(45.7)
s 208.9(100.4) 233.5(203.5) 261.0(58.1) 325.0(79.9) 294.6(3.3)
o7 412.3(0.0) 415.3(1.1) 304.7(4.8) 334.0(118.4) 347.2(0.1)
o 414.4(0.0) 417.2(0.1) 309.5(218.1) 357.5(0.9) 357.0(211.6)
9 623.5(0.0) 623.1(0.0) 343.1(3.9) 486.5(4.3) 404.8(0.5)
o1 623.8(0.0) 624.1(0.0) 399.5(0.0) 509.5(0.6) 454.7(0.2)
on 698.1(107.3) 699.8(101.4) 606.6(0.0) 604.2(3.8) 603.9(0.9)
on 725.5(0.0) 724.7(0.0) 697.7(77.5) 693.6(52.9) 684.3(63.5)
o1 873.1(0.0) 871.5(0.0) 843.1(0.0) 809.2(0.0) 803.7(0.0)
o 874.5(0.0) 876.3(0.4) 916.4(0.1) 901.5(13.7) 907.7(0.3)
o1s 995.5(0.0) 990.9(0.1) 945.2(1.3) 973.4(19.5) 970.6(23.0)
o16 996.9(0.0) 996.0(0.0) 959.7(18.1) 983.7(9.6) 981.3(5.0)
o 1012.7(0.2) 1012.9(0.0) 978.2(0.3) 1003.7(10.7) 1006.0(0.1)
o3 1026.8(0.0) 1022.3(0.1) 1015.3(0.2) 1018.5(0.1) 1007.9(6.1)
©19 1029.2(0.0) 1028.3(0.0) 1033.3(3.2) 1029.2(0.1) 1017.1(0.0)
20 1060.6(4.4) 1060.0(4.8) 1039.2(0.9) 1043.3(0.3) 1031.0(0.0)
21 1061.0(4.4) 1060.7(5.7) 1072.0(0.0) 1054.0(0.1) 1044.4(0.0)
o0n 1176.9(0.0) 1175.9(0.0) 1076.0(10.2) 1081.0(13.6) 1072.7(10.5)
02 1199.9(0.0) 1199.0(0.0) 1196.4(23.4) 1202.6(2.0) 1203.5(2.7)
o 1200.8(0.0) 1200.1(0.1) 1208.8(0.6) 1217.6(2.6) 1218.1(2.4)
25 1331.4(0.0) 1332.5(0.1) 1370.5(4.1) 1394.2(29.1) 1390.7(0.3)
o2 1390.4(0.0) 1389.2(0.0) 1392.0(0.3) 1397.3(0.4) 1397.8(0.0)
7 1517.0(8.6) 1516.7(7.8) 1396.3(11.0) 1414.5(0.1) 1401.4(31.1)
28 1517.5(8.8) 1517.4(8.0) 1467.1(185.1) 1466.1(101.5) 1463.0(104.4)
9 1632.5(0.2) 1632.9(0.9) 1536.8(35.8) 1548.8(34.2) 1548.9(39.8)
30 1633.7(0.3) 1634.0(4.8) 1605.4(0.2) 1627.5(33.7) 1650.2(51.9)
031 1642.2(95.8) 1635.7(38.0) 1652.6(81.4) 1662.9(21.4) 1667.4(24.9)
03 3160.0(0.1) 3157.8(0.1) 3188.7(8.3) 3189.3(0.3) 3187.1(0.7)
33 3169.0(0.0) 3166.8(0.3) 3192.2(9.0) 3200.6(0.7) 3191.2(0.0)
©34 3170.4(0.1) 3168.5(0.8) 3200.5(0.3) 3200.9(0.0) 3201.4(0.0)
35 3183.9(27.3) 3182.1(29.4) 3204.5(24.8) 3212.0(2.0) 3205.0(4.6)
36 3185.7(26.8) 3184.2(28.5) 3213.2(10.7) 3212.5(6.5) 3213.2(7.9)
©37 3194.1(0.1) 3191.7(0.1) 3215.7(4.2) 3220.6(0.6) 3215.9(0.0)
38 3792.8(45.4) 3794.2(21.9) 3791.3(36.2) 3758.8(194.5) 3773.5(181.6)
39 3890.0(67.7) 3894.2(99.1) 3878.2(95.8) 3856.4(99.9) 3866.7(88.1)

ZPVE 77.11 77.16 75.87 76.70 76.13
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Fig. 4. IR spectrum of Bz-H,O (N-1) complex at the
B3LYP/cc-pVQZ level of theory.
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o]m2 392 ZF ¥ =(mode)E 7FA|A| Etk B3LYP/
cc-pVQZ T4 #HA3= N-1, N-2, C-1, C-2 T
Z5o) gk 23} AlsTalE Akt A3 mF A
T 3-& Yo true minimum T3

sl
gom TSel| tafr= shte] 4 3t
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Fig. 5. IR spectrum of [Bz-H,0]" (C-1) complex at the
B3LYP/cc-pVQZ level of theory.

ql—;ﬁs} /K]—F,HO] N- 14, C-1 :[LJ__J IR ~HEZHS
Figure 42} Figure 5l 27 el e},

Bz-H,02| N-1 7-%2| A% F3}ro| 4] O-H ~E
#3S B3LYPlee-pVQZ G504 38903 3793
em’ 2 AREE Gl oH, o] g o] & el A A
5 B212] 3906 2 3806 cm™' 3} B]wEle] 7k 26 2
13 cm A = red-shift ¥ 702 Al4kE glch O]T‘E Al
el 2ate] dojxl 25 % 23 em's} - 2 AAHF
£ AT vebgiel’ =3 2 dgelr] F e
7k 9= [Bz-H,0] 9] C-1 Aeljell ek 215 3}
o} Agghs vlaskr] 91819 Free H,09} [Bz-H,0]
2] Eof digk Al e AT (v, v and vi)E
DFT HPH-S o]83le] 7} o] 2 5= 2 Table 40|

-

Table 4. Harmonic vibrational frequencies (cm™) of the H,O moiety of the [BzH,O]" cation (C-1 and C-2) com-
plexes and free H,O; frequency-shifts (Av) caused by the complex formation are also given.

Av Av Av
Method Mode Free H,O C-1 C-2 (C-1) (C-2) (Exp.)
Vs 3912.8 3900.7 3867.1 12 -46
BILYP/ vi 3799.6 3799.6 37492 0 -50
- 1665.3 1668.6 1662.4 13 3
- 3906.9 3891.1 3861.8 16 45
Rt i 3809.9 3803.1 3758.1 7 52
v 1638.5 1649.6 1652.4 11 +14
Vs 3853.2 3838.8 3801.7 14 .52
EC%\ZB/Z vi 3751.7 3749.2 3694.6 3 57
Vs 1658.8 1661.1 1655.9 +2 3
vs 3900.7 3878.7 3850.2 22 .51
]303_153?2 vi 3800.4 3791.6 37511 9 49
va 1639.4 1652.2 1662.7 +13 +23
Vs 3906.1 3878.2 3856.4 28 -50 3%
B3LYP/ 20°
ce-pVQZ Vi 3805.7 37913 3758.8 14 47 2%
Vs 1634.8 1652.6 1662.9 +18 +28

“ref. 17. "ref. 18.
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A
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el 3l5dct 3714 vi2 O-H A 2~E#A)(symmetric
stretching) F.=0]37, v3-2 O-H Bt ~EHA »
o], v, H-O-H Wl ™(bending) F=o]c} AKXl
7%4 2EYA regl v} v red-shift7} ]
Fo] Haz, WY T X(v,)+ blue- shlft7} oo A
B3LYP/cc-pVQZ 5ol A vio} v =0l H3F red-
shift Z(-28, -14 cm™)& oA Aot g gkt
1|5 2 Q2| 3h= A 0% vehel

L
UI:L_

Binding energies
Table 59 Bz-H,O complex2] AgolUA| S B3LYP
o s HA-3E EAEel tiste] MP2 oy~
5 cc-pVQZ 714 Aktsle] 734— o] o] 2
# E AR nlaskdet. 7 G iR E 2=
N-1 F%o|| td}o] B3LYP/cc-pVQZ F5=oll4] 24
5} 3}04 MP2/cc-pVQZ 5=9ll4] single point L
AXKMP2/cc-pVQZ//B3LYP/cc-pVQZ)= 3+ A
FJr De 7+ 3.92 kcal/mol 12| 974 %15~
(zero-point vibrational energy)E 2AE Dy Fh-
3.11 keal/mol 2 ARSI}, 7]l Hars]o] Q=
olZZro 2= 19991 Feller} MP2/CBS(complete
basis set) ©|& Tl 43 DAES 3.9 £ 0.2
kcal/mol 2.2, 18] 37 9§74 Z15olLd*](zero point vi-

A8

Fd

P
o L

ol 2 HHES}e] & <47 Aol wlawd A o5
Aoz vpepsitt. 71 32(2008'd)ell+= DF
A FAHC R AAE 3 ¢l H]—tﬂEkﬂ—/\
3l o] 249l ®wekS A% vdW-DF v
Alol| A Dy 32 2.86 keal/mol = EJ_‘G]—J_ o)} kA
AFgko 2= 1992 Suzuki 570l <J3l Dogtel ¥
{17+ 1 63 2.78 keal/mol & & B =] 01, 1995
Cheng 5" ionization potential A ¢S E3}o] 2
oL 5 2.25 + 0.28 kcal/mol & ¥ 18} 9)t}
1998 Courty 5l 2]&} photoionization A1 el|
23k Dy Fh2.44 keal/mol 2 W31 27, 2004
Mikami 572 o}2 Zal(Ar-mediated) 4941 3%
#l2] AF2HE A oX]E 2.55 keal/mol 2 W
_]__{5],:]7_ o]r/}
Bz-H,0 complex®] N-2 35 N-1 3ol H]s|
B3LYP/cc-pVQZ F=5t<ll4] 0.48 kcal/mol = ¢l
2|7} 3= Ve, MP2/cc-pVQZ/B3LYP/ec-pVQZ
5ol A= 1.36 keal/mol A= =7 AXIESIE o]
= WAl 9ol W)= E9] 3142 1-2 keal/mol®] ]
YA A S 7R 3L §lE A SR o S5 o] 73]
&k MP2/cc-pVQZ o] & EellA] D. 32 2.61
keal/mol 18] %33 #EolL4*|(zero point vibra-
tional energy)E HA g Dy 32 1.75 keal/mol 2 7|

brational energy)E B4 Dy 742 2.9 £ 0.2 keal/  AFE]o] N-1 Xl v]s] kgt Agtol|ux]E el
Table 5. Binding energies[De(Dy), in kcal/mol) of Bz-H,0 and [Bz-H,0]" at various levels of theory
B3LYP MP2" Previous
> theory Exp.
cc-pVDZ  ccpVTZ  cc-pVQZ cc-pVDZ  ccpVIZ  cec-pVQZ (Do) (Do)
N-1 2.70 2.29 1.98 4.02 4.16 3.92 g'ng 2.44°
D¢(Do) (1.85) (1.48) (1.17) (3.17) (3.34) 3.11) 3'37c 2.55°
N-2 4.29 1.99 1.45 4.09 3.06 2.61
D¢(Dy) (3.39) (1.11) (0.59) (3.13) (2.18) (1.75)
9.22¢ _
C-1 14.24 11.08 9.85 12.14 10.05 9.06 13.14 14+3'
D¢(Dy) (12.80) (9.82) (8.61) (10.69) (8.79) (7.82) 12. 6hg 9.41°
9.4
C-2 14.32 10.72 9.53 4.47 591 5.81 9.22" 631
D¢(Dy) (11.58) (8.58) (7.46) (1.72) (3.77) (3.74) 9.11" )
TS 12.15 9.40 8.45 8.78 10.22 9.36
D¢(Dy) (10.17) (7.80) (6.95) (6.80) (8.62) (7.86)

"MP2 single point energy calculation at the optimized B3LYP structures
‘Ref. 10(MP2/aug-cc-pVQZ). *Ref. 14(vdW-DF, Hte] 222~ Ao t) 3k o] 2291 WS 713 DFT WH). ‘Ref.

29[CCSD(T)/CBS(complete basis set)]. ‘Ref. 6. “Ref. 7. ref. 15(MP2/6-31G*).

(B3LYP/6-31G(d,p). 'ref. 17.

tref. 16(B3LYP/6-311G(d,p). "ref. 18
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AL ghek
[Bz-H,0]" complexes2] AgtlVR] = Table 51|
FAEI =, B3LYPelA HA 3k ak-2el o
&tod MP2 ollU1A| 5 cc-pVQZ 744 Alitsted 1
A5 o)A o] 24t 2 A §% vl skl B3LYP/
cc-pVQZ o] & G4l 7 ‘/Lt A=A & Zh=
C-1 ol 3k 23 oL7), D, 2+ 9.85 keal/mol
12132 Dy -2 8.61 keal/mol 2 AAF=] 9] 07, MP2/cc-
pVQZ/B3LYP/cc-pVQZ ©]& o4+ De 3ol
9.06 kcal/mol 2|3 Dy 72 7.82 kcal/mol & AJAF
v} AT BaE o] Z23HDe)2 9 ~ 14 keal/mol
2 o|2 5o uE} dE2A AXkEgl e, Ak
(D)2 2= 20014 Solca} Dopfer'’-2- 14 + 3 keal/
mol2 3] en 20041 Mikami 5'-& o}2
FA(Ar-mediated) 2914 % 2] A= A
N E 9.4 keal/mol 2 K 18}s]c). 2 A4 Aal=
Hr} o W% Mikami 579 A8 A} v
A 2b A3k 7 o2 vpehygch
C-2 -2 EH%P 73?‘,‘.} o|LIx]+= B3LYP/cc-pVQZ
o] 2 Fol|l 4 De g2 9.53 keal/mol 28] 3L Dy 7k
2 7.46 kcal/moli Axr=Eeler] o)A o] ZZHD,;
9.22, 9.11 keal/mol)?} 2 x5k Ao Hrh
:laib‘r MP2/cc-pVQZ//B3LYP/cc-pVQZ <ol A
= D. #t°l 5.81 kcal/mol Z2]1 D, 2 3.74
kcal/molZ AAFE]e], DFTA= C-13 o= =}
o7} ZA] 97 b AR MP2 el A= A3
Z o] 2be] & e ek g o)A o] & Al
A 714 Atell(local minimum) & ¥ 2= TS 7%
= & AxtellA] AlsTalpella] shte] s S
Sl= o] Alell(transition state) 2 AXEEII) B3LYP/
copVQZ O FEAH C17H] oA Aol
1.40 kcal/mol AEZ AXEglom, 34 2o
Z|(ZPVE) 2A % 1.66 kcal/mol HE2] ol|u=] 2}
o] & viehe] WAl are] $lellA] & EAke] #A -5
o] Bzt olif#] A o] Bz-H,O complex BT} 5
L2 oSt
Table 69 Bz-H,O complex®] N-1 32}
[Bz-H,0]" complex 2] C-1 F-32] & EA}ol 4] 4ka
AA g 4 ke At FEE Ve glok =
F2} A Aol gk A5} o] F{(charge shift)S 27 N-1
T22] 745 0.002% n-72~ Aghel] o]3te] ok A
s} o] %52 viehil whl C-1 2] A% 0.064% A
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Tt o]l = At 15

Table 6. Atomic charges(a.u.) on the water moiety of
N-1 and C-1 structures at the B3LYP/cc-pVQZ level
of theory

free H,O N-1 C-1
(0] -0.491 -0.528 -0.452
H, 0.245 0.237 0.258
H, 0.245 0.293 0.258

}-24==Hcharge-dipole) Zgtel] 2]3}e] Az o2
Sl ol e 0. 54) s on ol
o141 AL 2l 2 R e AR e}

2 =

wl Al 3

o
TE o
.]

iy
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