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The molecular structures and vibrational frequencies gHEOH—(H,O),]** (n = 1—4) are studied by
employing ab initio molecular orbital methods. Since the hydrogen bond between phenol cation radicals and
water molecules is much stronger than that of the neutral pheveatier system, the position of the proton of
phenol cation radicals depends on the number of water molecules in the clugt&®@HE-(H0)*". Although

the stable structure of gEIsOH—(H,0),]** varies depending on the method used in the calculation, the result
obtained with the B3LYP density functional method gives good agreement with the experimental IR spectra.
The proton-nontransferred form is found to be most stablenfer 1 andn = 2 clusters. In the cases of

> 3, the most stable structures are the proton-transferred form. There are two types of structures obtained
for n = 3 clusters, where the branched form is more stable than the chained form. The optimized structures

for n = 3 andn = 4 clusters show that the;@* moiety prefers to interact with the phenoxy radical and two
water molecules.

I. Introduction In the case of gHsOH—water cluster ions, Mikami speculated
. ) o that the potential energy surfaces have double energy minima

Phenot-water clusters and their ions are of increasing interest along the proton-transfer reactidf8 Since the electronic and
from both expt_erimental and theoretical points of view. This |g spectra observed by the ion-trapped experiment only give
cluster system is one of the molecular model systems of selute nformation after relaxation, there are several remaining ques-
solvent interaction involving hydrogen bonds in th_e co_ndensed tions not only on the potential energy surface of the proton
phase. The intracluster proton-transfer process in this systemyansfer but also on the geometrical structure of the ion clusters
is also interesting in conjunction with acithase reactions in 55 well as their spectroscopic assignment.
aqueous solutions of organic molecules. One of the advantages of using quantum chemical methods

The recent series of spectroscopic studies on the phenol is to explore the detailed geometrical information and the
water clusters revealed that there is a significant difference in potential energy surfaces. To obtain these details, we have
the structures between neutral hydrogen-bonded clusters andarried out ab initio molecular orbital calculations on theH&
their ionized cluster§:® While the interaction between phenol  OH—(H,0).]** (n = 1—4) and [GHsOH—NHz]** clusters. We
and water clusters is not strong enough to dissociate the protonhave calculated the equilibrium structures of several most
of phenol, the phenelwater cluster ions have the proton- probable cluster ions in order to clarify the size dependency on
transferred form by increasing the number of water molecules. the proton transfer.
Evidence for this is demonstrated by using infrared multiphoton
dissociation spectroscopy combined with an ion-trapping tech- |l. Computational Methods
nique named trapped ion photodissociation (TIP) spectrosc8py. The geometries of the fBIsOH—(H-0)]** (n = 1—4) and
By TIP spectroscopy, Mikami_et al. observed the infrared spectra [c;H;OH—NH3]*+ systems have been optimized using three
of the OH stretching vibration bands for the phenalater gifferent molecular orbital methods. The Hartréeock (HF)
cluster cations [§HsOH—(H:O)]** (n = 1-4). They have  method gives a qualitatively reasonable result for the molecular
concluded that the = 1 and 2 cluster ions have the proton-  strycture in most cases. Since the HF method does not include
nontransferred form and the cluster ionz 3 have the proton-  the effect of electron correlation, the naive system such as the
transferred form from both their electronic and OH vibrational system invo|ving hydrogen bonds must be confirmed by using

spectra.® other methods. We have employed the second-order Mgller
The proton-transferred form is also observed for phenol Plesset perturbation method (MP2)n order to include the
ammonia cluster ion%:1? In the case of [gHsOH—NH3]**, dynamical electron correlation for valence electrons. We have
analysis of the mass spectroscopy indicates that there are twaalso used the hybrid density functional BSLYP meth6éR
peaks of the ions g1sOH" and parent ion [gHsOH—NH3]* which is the Becke’s three-parameter nonlocal-exchange func-

after photoionizatiod? while the TIP spectrum shows only the tional of Lee, Yang, and Patf. The density functional
NH4" ion®11 This experimental evidence suggests that there method!? especially the B3LYP method, is recently used for
are two energy minima for the fElsOH—NH3]*" cluster?10 various systems and gives very promising results for many
While the cluster ions generated by vertical ionization have not molecular systems. We have used the dodipéss polarization
been proton-transferred yet, the cluster ions may stabilize to a(DZP) basis sé#1%n all calculations. The vibrational analyses
proton-transferred structure after energy relaxation. have been carried out by using the analytical second derivative
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Figure 1. Optimized structures of phenol (A), phenol cation radical (B), and phenoxy radicals (C, D) by using the B3LYP method with the DZP
basis set. The bond lengths are shown in A. The values shown in the squaresfaeketobtained with the MP2/DZP method. The values shown
in the parentheses () are obtained with the HF/DZP method.

method for all optimized geometries. The calculated values of validity of the computational methods not only on the structures
the relative energies stated in the text are the noncorrected valuebut also on the vibrational frequencies for the system, which
of the zero-point vibrational energies without any specification, has been well-characterized. Since all of the vibrational
since the global feature of the potential energy surface doesfrequencies of phenol were assigned experimentaikp, we

not change by the correction of the zero-point vibrational may judge the accuracy of the theoretical methods by comparing
energies. The calculated values of proton affinity (PA) are the the theoretically calculated values with the experimental ones.
corrected values of the zero-point vibrational energies. To Two papers have been recently published on the theoretical
examine the effect of the basis set superposition error (BSSE)calculations of the vibrational frequencies of phenol by using
for these systems, we have evaluated the BSSE at the optimizedhe density functional methdd:?” These studies indicate that
geometries for only small size clusters, such as the neutgdlkfC ~ the hybrid density functional B3LYP method gives very
OH—-H;0] and [GHsOH—NHj] and ion [GHsOH—HOJ** reasonable frequencies for the phenol molecule.

clusters by using the counterpoise metfodhe obtained value Figure 1 illustrates the optimized structures of phenol (A)
of BSSE is ca. 1 kcal/mol for both the neutral and ion clusters gn jts cation radical (B) calculated with the HF, MP2, and
of phenot-water system and ca. 5 kcal/mol for the phenol g3 yp methods by using the DZP basis set. The largest
ammonia cluster. Since there is no significant effect on the gitference of the geometries of phenol obtained with the HF,
potential energy surfaces, we will discuss in the text, the energiesMpzl and B3LYP methods is 0.024 A in the-© bond length.
without the BSSE correction. All calculations have been carried Thg experimental geometry of phenol in the gas phagrees

out with the GAUSSIAN 94 program package. well with the averaged geometry of the HF and B3LYP
optimized structures. While all-©C bonds are almost equiva-
lent (1.4 A) in phenol, the structure of the phenol cation radical
is distorted toward the quinoidal form because of an electron
loss from the HOMO (highest occupied molecular orbital) of

Ill. Results and Discussion

A. Phenol and Its Cation Radical. Before we discuss the
structures of phenelwater cluster ions, we have to check the
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TABLE 1: Vibrational Frequencies (cm~1) of Phenol and Its Cation Radical Calculated by Using the MP2 and B3LYP
Methods with the DZP Basis Set

phenol phenot
mode expf HF MP2 B3LYP HF MP2 B3LYP
In-Plane (§
ag 1 OHstr. 3657 4210 3891 3845 4082 3805 3732
2 CHstr. (20a) 3087 3398 3287 3217 3421 3322 3239
3 CHstr. (2) 3063 (3079) 3365 3254 3185 3404 3302 3227
4 CHstr. (13) 3027 3347 3237 3166 3387 3283 3203
5 CCstr. (8a) 1603 (16169 1799 1676 1655 1774 1950 1657
6 CCstr. (19a) 1501 1657 1542 1524 1512 1425 1387
7 COstr. (7a) 1262 1396 1300 1288 1589 1519 1504
8 OH bend 1177 1285 1211 1190 1142 1177 1097
9 CH bend (9a) 1169 1275 1199 1183 1262 1243 1198
10 CH bend (18a) 1026 1114 1046 1037 1016 1019 982
11 ring (1) 99% 1075 1013 1000 1058 986 988
12 ring (12) 823 885 825 823 861 826 813
13 ring (6a) 527 570 528 529 548 563 519
b, 1 CHstr.(20b) 3070 3390 3280 3209 3416 3312 3233
2 CHstr. (7b) 3049 3375 3265 3194 3410 3295 3219
3 CCsitr. (8b) 1610 (16039 1786 1663 1641 1637 1677 1536
4 CCstr. (19b) 1472 1622 1508 1495 1554 1479 1445
5 CCstr. (14) 1343 1366 1475 1370 1487 1399 1412
6 CH bend (3) 1277 1479 1369 1354 1446 1373 1357
7 CH bend (9b) 1151 1187 1184 1171 1267 1206 1185
8 CH bend (15) 1072 1169 1098 1088 1210 1070 1141
9 ring (6b) 619 672 622 623 586 478 562
10 CO bend (18b) 403 439 402 404 455 334 412
Out-of-Plane (4)
b, 1 CHbend(5) 973 1100 898 982 1038 1043 994
2 CHbend (17b) 881 984 825 883 955 994 937
3 CH bend (10b) 751 841 725 761 861 826 813
4 CC twist (4) 686 762 630 698 669 609 623
5 ring (16b) 503 562 494 513 474 424 435
6 OH torsion 309 305 311 339 676 571 607
7 ring (11) 245 251 222 229 186 191 184
& 1 CHbend(17a) 995 (9581) 1081 875 959 1055 1064 1008
2 CHbend (10a) 817 915 787 819 834 874 804
3 CCtwist (16a) 409 455 403 417 374 381 359

a Each vibrational mode is assigned based on the Wilson’s indices shown in parentheses ubgeythenetry, although phenol h& symmetry.
b The experimental frequencies are taken from ref 22, otherwise indicatetiReference 23¢ Reference 24S Reference 25.

phenol. The positive charge of the phenol cation radical is of the phenol cation radical except for the OH stretching, 3535
distributed on the phenyl ring owing to theradical character. cm 129 The calculated values of the OH frequency clearly show
We can observe the shortening of the-GQ bond and the  the red-shift of 100 cm! caused by the ionization of phenol.
elongation of the ©&H bond caused by ionization. These The change of the €0 stretching frequency is more remarkable
structural changes yield frequency shifts of the@and O-H than that of the ©H vibration and is calculated to be over
stretching vibrations and the increase of acidity of ionized 200 cnr! blue shifted.
phenol. The geometry of the phenol cation radical obtained Since the MP2 method sometimes overestimates the effect
with the MP2 method somewhat differs from those calculated of electron correlation, the result obtained with the B3LYP
with the HF and B3LYP methods. method seems to be reasonable to describe not only the
Table 1 summarizes the vibrational frequencies of phenol molecular structure but also the vibrational frequencies of cation
calculated with several methods. Although the HF method radical species.
always overestimates the vibrational frequencies more than 10% B. Molecular Structure and Vibrational Frequencies of
compared to the experimental values, the inclusion of dynamical the Phenoxy Radical. We have also calculated the structure
electron correlation such as the MP2 method improves the and vibrational frequencies of the phenoxy radicgH§Dr,
frequency values within the error of 10%. The MP2 method, which is a deprotonated species of the phenol cation radical.
however, tends to underestimate the frequencies of the out-of-The structure and vibrational frequencies of the phenoxy radical
plane modes. The B3LYP method gives very good agreementhave been studied both experiment&iiy2 and theoretically3-3°
with the experimental values despite the fact that the calculatedAs phenol cation is in ther radical state, the ground state of
frequencies are evaluated with harmonic approximation. The the phenoxy radical is th#B; & radical state. Note, however,
difference between the experimental values and the calculatedthat there is a very low-lying excited state of phenoxy radical,
values with the B3LYP method is found to be less than 6% which is the?B; o radical state.
except for the OH torsional mode. The present B3LYP  The second row of Figure 1 depicts the optimized structures
calculation with the DZP basis set gives better agreement with of the phenoxy radical in both ando radical states (Figure 1
the experimental frequencies than the previously reported (C and D)). The geometry of the ground state of the phenoxy
B3LYP calculation with the 6-31G** basis s&t2’ radical is similar to that of the phenol cation radical. The
Table 1 also shows the calculated frequencies of the phenolgeometrical analogy can also be found between neutral phenol
cation radical. There are no experimental vibrational frequencies and the phenoxy radical. The result obtained with the MCSCF
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TABLE 2: Vibrational Frequencies of Phenoxy ¢ and & Radicals Calculated by Using the HF, MP2, and B3LYP Methods with
the DZP Basis Set

phenoxys radical phenoxy radical
mode expt HF MP2 B3LYP HF MP2 B3LYP
In-Plane (§
a 1 CHstr. (20a) 3396 3311 3221 3395 3291 3225
2 CHstr. (2) 3384 3300 3208 3383 3280 3214
3 CHstr. (13) 3364 3276 3186 3364 3254 3184
4 CCstr. (8a) 1505 1621 1715 1585 1714 1655 1615
5 CCstr. (19a) 1553 1543 1488 1617 1510 1449
6 COstr. (7a) 1398 1402 1473 1410 1352 1281 1259
7 CH bend (9a) 1157 1205 1186 1158 1250 1199 1184
8 CH bend (18a) 990 1050 1038 1005 1084 1046 1039
9 ring (1) 1024 973 970 1034 1006 980
10 ring (12) 840 852 782 803 833 823 821
11 ring (6a) 528 549 533 523 550 519 515
b, 1 CH str. (20b) 3393 3308 3217 3389 3286 3223
2 CHstr. (7b) 3371 3283 3193 3372 3263 3189
3 CCsir. (8b) 1629 1632 1545 1675 1630 1587
4 CC str. (19b) 1543 1469 1437 1560 1487 1449
5 CCsir. (14) 1423 1331 1345 1437 1435 1344
6 CH bend (3) 1331 1391 1288 1278 1329 1328 1276
7 CH bend (9b) 1224 1142 1159 1228 1187 1173
8 CH bend (15) 1125 1128 1084 1142 1099 1087
9 ring (6b) 631 594 590 655 616 614
10 CO bend (18b) 475 457 441 401 365 367
Out-of-Plane ()
bp 1 CHbend (5) 997 1018 990 1038 897 970
2 CHbend (17b) 919 937 918 932 826 869
3 CH bend (10b) 796 829 798 787 720 725
4 CCtwist (4) 672 663 653 710 629 691
5 ring (16b) 498 496 482 524 492 508
6 ring (11) 211 174 190 249 227 226
& 1 CHbend(17a) 987 1017 977 1017 878 953
2 CHbend (10a) 821 826 797 868 786 812
3 CC twist (16a) 386 395 376 435 402 424

a2 The experimental frequencies are taken from ref 30.

method? gives similar tendency such that the phenmxadical The MP2 method reduces the value for theadical to 0.76,

has quinoidal structure while tleradical has a regular hexagon but gives 1.31 for ther radical. Excellent improvement of spin

structure. The bond distances, however, differ depending on contamination (0.75 for the radical and 0.79 for the radical)

the methods used. As Figure 1 shows, the MP2 method givesis obtained with the B3LYP method.

large geometrical difference betweenadical and ther radical, Consequently, the B3LYP method turns out to give the most

in particular on the C£C2 and C2-C3 bond lengths, compared  reasonable result for not only the geometries but also the relative

to the differences obtained with the HF and B3LYP methods. energies. In this respect, we will use the values calculated with
Table 2 shows the vibrational frequencies of phenoxy radicals the B3LYP method in the following discussions without any

calculated with three different methods. Takahashi €t* al. specification.

reported the good agreement between theoretical and experi- C. CgHsOH—H,0 and [CeHsOH—H,O]**. Several authors

mental values of the frequencies of the phenoxy radical in the studied the molecular structure and vibrational frequencies of

2B, ground state, although only few frequencies are observedthe hydrogen-bonded complex between neutral phenol and the

for the ground state of the phenoxy radigalin the present water molecul®36:37as well as its cationic staf&4° In the

study, similar results are obtained for the structure and neutral [GHsOH—H,0] complex, phenol acts as a proton donor.

vibrational frequencies of phenoxy radical by using the Feller and Feyereiséhdemonstrated that the hydrogen bond

B3LYP method. It is also found that the frequencies of¢the  between the hydrogen of the water molecule and the oxygen

and 7 radicals well correspond to those of the neutral and atom of phenol is 3 kcal/mol less stable than that between the

cationic phenol, respectively. hydrogen of phenol and the oxygen of the water molecule at
The energy of the excitetB, state ¢ radical) is shown to the MP2/6-31G** level of calculation.
be 47.8 kcal/mol above the ground st#e by the spectroscopic The first row of Figure 2 shows the optimized structures of

experiment!#2 The energy difference between these two states the hydrogen-bonded complexes for phenol (E) and its cation
is calculated to be ca. 20 kcal/mol with the HF and B3LYP radical (F) obtained by using the HF, MP2, and B3LYP
methods. The MP2 calculation, however, gives almost the samemethods. All methods provide the proton-nontransferred form
energies for these two states because of the overestimation ofor both neutral and cation radical states of the hydrogen-bonded
electron correlation effect for theradical state rather than the  cluster of phenol with single water molecule. The geometry
m radical state. The large difference between theoretical and obtained for the cation radical complex agrees well with the
experimental values must be refined by considering the multi- previous theoretical studies that have shown that th#lC
configuration nature of the radical state. OH—HQOJ*" cluster ion has the proton nontransferred struc-
The HF calculation gives large spin contamination valgfes  ture3?4! The O-H bond of phenol in [@HsOH—H,0]*" is
= 1.19 and 1.39 for phenoxy and x radicals, respectively.  calculated to be ca. 0.04 A longer than that of the neutral
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Figure 2. Optimized structures of the pheralater (E), phenctwater cation radical (F), pheneammonia (G), and pheneammonia cation
radical (H) calculated by using the B3LYP, [MP2], and (HF) methods with the DZP basis set.

complex [GHsOH—H,0]. Note that the hydrogen-bond length calculation by Watanabe and Ilwé&tand 244 cm?! with the

in the cation complex [HsOH—H,0]** (1.532 A) is substan- ~ B3LYP/DZP method.

tially shorter than that of the neutral complex (1.819 A) with On the other hand, the frequency shift of the B stretching

the B3LYP method. The elongation of the-® bond of the s very remarkable in the case of the cation radical state. The
phenol cation radical (0.05 A) caused by the hydrogen bond 0—H stretching frequency of the bare phenol cation is experi-

with water is also noticeable in comparison with that in the mentally observed at 3535 ci#2® and the broad spectrum is
case of neutral phenol (0.01 A). These results indicate that the ghserved around the 3000 cinregion for the [GHsOH—

ionjzation of .phenol make§ .much stronger hydrogen bonds H,O]"* complex® The corresponding frequencies obtained in
owing to the increase of acidity. the present calculation are 3732 and 2793 £mespectively.
Table 3 lists the vibrational frequencies of the hydrogen- This large frequency shift of nearly 1000 cindemonstrates
bonded complex of [gHsOH—H;O] and its cation radical  the formation of much stronger hydrogen bonds in the ionic
calculated with the B3LYP/DZP method. state than in the neutral state. Since the experimental spectrum
In the neutral state, the -€H stretching frequency of the  has not been obtained in the region below 2900%nve cannot
phenol moiety in the [gHsOH—H,O] cluster is experimentally  definitely assign the broad band around 3000 tto the O-H
observed at 3524 cm, resulting in a red-shift of 133 cm stretching of the phenol moiety. Due to the extremely large IR
from that of phenol (3657 cri) by forming a hydrogen bond  intensity of the phenol ©H stretching in the [gHsOH—HO]**
with the water moleculé. The corresponding value of the red- complex, the experimentally observed broad band might be a
shift is evaluated to be 186 crhwith the MP2/6-31G level of combination band.
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TABLE 3: Vibrational Frequencies of the Hydrogen-Bonded Complexes of [GHsOH—H,0] and [CeHsOH—NH3] and Their
Cation Radicals Calculated with the B3LYP/DZP Method. The Experimental Values Are Shown in Parentheses

no. mode [GHsoH—Hzo]b [CeHsOH_HzO]'Jr ¢ [CGHsoH—NHg]d [(.:6H50H_NH3]'Jr
In-Plane (8
1 OH str. 3601 (3524) 2793 3347 (3294)
2 CH str. 3213 (3087) 3238 3212 3233
3 CH str. 3206 (3072) 3233 3205 (3083) 3226
4 CH str. 3194 (3054) 3226 3192 (3058) 3219
5 CH str. 3183 (3032) 3220 3181 3211
6 CH str. 3176 3215 3174 3204
7 1657 1647 1657 1609
8 1637 1539 1635 1541
9 1529 1399 1535 1413
10 1499 1475 1507 1437
11 1395 1373 1428 1368
12 CO str. 1303 (1274) 1524 1311 (1280) 1530
13 1254 1263 1281 1292
14 1358 1416 1358 1165
15 1182 1191 1180 1179
16 1169 (1151) 1163 1169
17 1089 (1070) 1102 1088 1096
18 1037 (1026) 993 1036 (1025) 1000
19 998 (1000) 981 (977) 997 (996) 977
20 827 (825) 817 (812) 829 823
21 623 (618) 574 623 590
22 530 (528) 524 (516) 533
23 439 475 (450) 471 495
24 acceptor molecute 3826 (3650) 3801 (3625) 3624 (3333) 3561
25 1633 1652 1675 3454
26 1141 2050
27 1726
28 1530
29 1372
30 intermolecular 270 (146) 396 (328) 329 (322) 408
31 181 (151) 269 (240) 202 (164) 272
32 94 160 £130) 68 (60) 54
33 61 86 (84)
Out-of-Plane (8)
1 997 1009 976 1004
961 997 958 989
3 885 942 878 929
4 835 (814) 794 818 787
5 761 805 762 806
6 702 633 (636) 701 641
7 518 454 518 (525) 470
8 419 366 (354) 418 371
9 788 1189 934 (822)
10 225 200 (189) 228 199
11 acceptor molecute 3939 (3748) 3901 (3710) 3627 3567
12 3494 3561
13 1675 1722
14 1559
15 intermolecular 256 428 287 440
16 34 70 (67) 62 56
17 33 42

a Acceptor molecule means,B or NH; in each complex® Experimental values are taken from refs 2, 3, 5, 25, and B&perimental values
are taken from refs 8, 38, and 40Experimental values are taken from refs 12, 25, 46, and 47.

The intermolecular vibrational frequencies of the neutral and charge ¢0.885) in the [GHsOH—H,O]** cluster ion is located
cation complexes are calculated to be 181 and 269 cwhich on the phenol part, as shown in Table 4. These results confirm
correspond to the experimental values 151 and 240lcm that the proton transfer does not occur in theH§OH—H,OJ+
respectivel>*° The agreement between the present theoretical complex but the hydrogen bond betweegHgOH+ and HO
values and the experimental frequencies seems to be reasonablés very strong.
although intermolecular vibration is highly anharmonic. D. CgHsOH—NH3 and [CeHsOH—NH3]*t. Recent spec-

Figure 3 summarizes the potential energy curve along the troscopic studié=>1912concerning the proton transfer in the
reaction coordinate with respect to the proton transfer in the hydrogen-bonded cluster ion of phenol with an ammonia
[CeHsOH—H,0]*" complex. The potential energy surface molecule suggest that the J&sOH—NHz]*" cluster ion has a
involves a single energy minimum where the proton is not double minimum potential along the proton-transfer coordinate
transferred. The stabilization energy caused by the hydrogenin contrast to the case of the 8sOH—H,O]* cluster. To
bonding with single water molecule shows that the cation clarify this evidence, we have calculated the geometries and
complex is 3 times more stable than the neutral complex. The the potential energy curve for theddsOH—NH3] complex and
calculated charge distribution indicates that most of the positive its cation radical by using the HF, MP2, and B3LYP methods.
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Figure 3. Potential energy curve of the {8sO0H—H,0] cluster and

its cation radical obtained with the B3LYP/DZP method. The values
shown in the square bracket] and the parentheses () are calculated
with the MP2/DZP and HF/DZP methods, respectively.

TABLE 4: Total Electronic Charge of Each Species in the
[CeHs()H_NHg]'Jr and [C(-:.Hs()H_(Hz())n]ﬁL (n = 1—4)
Clusters Calculated by Using the HF, MP2, and B3LYP
Methods with the DZP Basis Set

compound HF MP2 B3LYP

[CeHsOH—NHz]** (H)

CsHsO 0.062 0.842 0.183

NH,* 0.938 0.158 0.817
[CsHsOH_HgO]'+ (F)

CsHsOH+ 0.950 0.921 0.885

H,0 (a) 0.050 0.079 0.115
[CeHsOH—(H20),]** (1)

CsHsOH'+ 0.928  0.905 0.825

H.0 (a) 0.048 0.063 0.102

H,0 (b) 0.024  0.032 0.074
[CeHsOH—(H,0)3]** branched (K)

CsHsO* 0.075 0.848 0.200

H3O" (a) 0.837 0.098 0.634

H20 (b) 0.044  0.027 0.085

H,0 (b) 0.044  0.027 0.082
[CeHsOH—(H0)3]** chained (L)

CsHsOH"+ 0.917 0.883 0.764

H.0 (a) 0.050 0.068 0.120

H,0 (c) 0.016  0.025 0.055

H,0 (b) 0.017 0.023 0.061
[CeHsOH—(H20)4]** ringed (M)

CsHsOr 0.060 0.176

HsO" (a) 0.836 0.628

H.0 (c) 0.031 0.056

H,0 (¢) 0.031 0.056

H.0 (b) 0.032 0.085
[CeHsOH—(H0)4]** branched (N)

CsHsO* 0.034 0.113

H20 (a) 0.039 0.073

H3O" (c) 0.844 0.646

H20 (b) 0.042 0.084

H,0 (b) 0.042 0.083

aTotal charges of HsOH't and NH; in the proton-nontransferred
form. ® Total charges of gHsOH" and HO in the proton-nontrans-
ferred form.

The second row of Figure 2 illustrates the optimized geom-
etries of the neutral complex {8sOH—NHS3] (G) and its cation

Re and Osamura

radical (H). All three methods give similar geometries for the
neutral complex whose structure is the proton-nontransferred
form, while a remarkable structural change is seen for the cation
radical state. Note should be addressed that the optimized
structures of [GHsOH—NHj3]** are quite different depending

on the methods used, although all three methods give a single
energy minimum. The HF method gives an unreasonably large
bond angle[JC—-0O—H = 172.5, which seems to be due to
the lack of electron correlation. The overestimation of the
electron correlation by using the MP2 method often induces
the tendency that the proton transfer hardly occurs in the
hydrogen-bonded systems.

It has been already shown by the experiment that the most
stable structure of the gEIsOH—NH;3]*" cluster has the proton-
transferred fornt:%10 This evidence is consistent with the
geometry obtained with the B3LYP method. The validity of
the B3LYP method is also confirmed by the value of spin
contaminatior? = 0.78 for this system, while the values $f
with the HF and MP2 methods are 1.25 and 1.06, respectively.

In the case of the neutral cluster, the-8 bond length of
the phenol moiety (0.993 A) is slightly larger than that of the
[CeHsOH—H,0] complex (0.980 A), since the calculated proton
affinity (PA) of the NH; molecule (207 kcal/mol) is larger than
the PA of the HO molecule (168 kcal/mol) with the B3LYP
method. The experimental values of PA are 208 kcal/mol for
NH3 and 165 kcal/mol for K0 4345

As a result of optimization with the B3LYP method in the
case of the cationic state, theslEFOH—NH;]** cluster ion turns
out to be the hydrogen-bonded complex between thgtNéh
and phenoxyr radical, since the hydrogen atom of the phenol
cation radical is strongly attached to the Niolecule.

Table 3 lists the calculated vibrational frequencies of the
[CeHsOH—NHjg] cluster and its cation radical together with those
of the neutral [GHsOH—H,0] complex and its cation radical.
The results obtained with the present calculation agree well with
the experimentaf5:8.12.2536.38,4046.4nd other theoretical val-
uesd’-3941 The OH stretching frequency of the neutrakf-
OH—NH3;] complex (3347 cm?) is red-shifted by 254 cmit
compared to that of the neutral complexHsOH—H,0] (3601
cm~1) owing to the increasing value of the PA in the acceptor
molecule. There is no vibrational frequency corresponding to
the OH stretching mode of phenol in the gfGO"—NH4™]
complex because the proton is completely transferred. The
intermolecular vibrational frequency of the neutrafi{fgOH—

NH;z] complex is experimentally obsen/at 164 cntl, which
well corresponds to the calculated frequency 202 tmith
the B3LYP method.

The charge distribution calculated with the B3LYP method
shown in Table 4 clearly indicates that most of the positive
charge ¢-0.817) is located on the Nfi moiety.

Figure 4 summarizes the potential energy curve of the proton
transfer for the [@HsOH—NH3] complex and its cation radical.

In this system, it is also found that the stabilization energy by
the hydrogen bonding of the cationic state is 3 times larger than
that of the neutral state.

The difference of the PAs between® and NH; causes the
stronger hydrogen bonding for thed@sOH—NHj3] cluster than
for the [GHsOH—H,0] cluster. The stabilization energy of
the [GHsO°*—NH4*] complex relative to the energy ofgHs-
OHt + NHs is evaluated to be 33.2 kcal/mol, which is 9.2
kcal/mol larger than that in the case of thesflsOH—H,0]**
complex (24.0 kcal/mol). As suggested by the experiniét,
two dissociation limits, gHsOH** + NHz and GHsO* + NH,4*,
lie in almost the same energy. This evidence agrees with
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of the n = 2 cluster, [GHsOH—(H20),]** (1), and the water

o 1. n=2 Cluster. Figure 5 illustrates the optimized structures
+ NHy
@ dimer (J) calculated by using the HF, MP2, and B3LYP methods

" o-radical with the DZP basis set. All three methods give similar structures

+ NH, _I [zg)ﬁ?gal/mm* for this cluster. There is no significant structural change in the
_O_ch:l/m‘ol phenol cation radical moiety compared to the 1 cluster ion

[10.4] and the most of positive charge-Q.825) is located on the

&2 phenol part. The present result indicates that hydrogen-bonded

8.15eV 332 keal/mol . complex between g1sOH* and (HO), is formed at then =

0.0 kcal/mol 1

B = L2s0) 2 cluster without conversion to the §Bs0°—H*(H,0)]
n-radical Complex.
We have also confirmed that the cyclic structdrebtained

1y gcmel in the case of the neutral clustergfdsOH—(H,0),] is not the

™ \”?_/ energy minimum for the cationic state and is optimized to the
@ + NH structure (1) shown in Figure 5. The ability of the oxygen atom

s of phenol as a proton acceptor is smaller in the phenol cation

radical than in neutral phenol, because the hybridization of the
oxygen atom of the phenol cation radical is more likérspher
Figure 4. Potential energy curve of the {8sOH—NHj3] cluster and than spg, which is that of neutral phenol. This increasing
shown in the square braclkdt] and the parentheses () are calculated ; g ;
with the MP2/DZP and HF/DZP methods, respectively. The values Chamed.StrUCture be”.‘g more favorable_ than the cyclic form.
The chained structure is also suggested in the case of (phenol)

indicated with * are the energy difference between pheneoxynd
o-radicals. clusters>®

Although the proton transfer does not occur in the= 2

the result that the calculated energy difference of the two cluster size, the ©H bond length of the phenol moiety (1.074
dissociation limits is only 0.2 kcal/mol with the B3LYP method. A) becomes 0.047 A longer and the hydrogen-bond length
On the other hand, the dissociation limigfGO* + HzO* is between @HsOH*+ and (HO), (1.393 A) becomes 0.139 A
47.3 kcal/mol higher than that ofgHsOH" + H,0, and this shorter compared to those of thegfGOH—H-O]* cluster.
energy difference is calculated to be 39.6 kcal/mol with the Moreover, the hydrogen-bond length between twgDHnol-
B3LYP method. ecules in the [gHsOH—(H0),]** cluster is found to be 0.27

Recent experimental studig’§ suggest that the [{EisOH— A shorter than that in the water dimer (1.897 A), as shown in
NH3]** complex has a double-well potential surface along the Figure 5. The PA of the water dimer is calculated to be 203
proton-transfer coordinate. Steadman and Syage indicated thakcal/mol with the B3LYP method, which is much larger than
there is substantial energy barrier (ca. 1 eV) along the reactionthat of the water monomer (168 kcal/mol). These results clearly
coordinate from inner potential well to dissociative proton demonstrate that the hydrogen bond becomes stronger as the
transfer in this systertf o . PA of the acceptor molecule increases.

Itis noted that our present study indicates the single potential 5 | _ 3 cyster. Figure 6 shows the optimized structures

well along the reaction coordinate for proton transfer in the of the most probable two isomers for thesEGOH—(H20)3]**

— o+ i ini - i
[CeHsOH—NH]™ cluster ion whose energy minimum corre clusters, whose structures have branched (K) and chained (L)
sponds to the proton-transferred structure. We could not find forms for hydrogen bonding. The relative energies of the two

Pontansierred stcture, TS reaut & consistentwith the recendSOMerS ae summarized in Table 5. Since the obtained
) geometries vary depending on the methods used, we will first

a!o initio study by Bertra.et al. on th!s system obtained at their discuss the results of the B3LYP method and consider the
highest level of calculatioft The discrepancy between theo- .
difference among the methods later.

retical potential energy surface and experimentally suggested o .
double-well potential must be argued in a future study. The optimized structures calculated with the B3LYP method

E. [CeHsOH—(H20)n]"t (n = 2) Clusters. The experi- show that the branched structure (K) has the proton transferred
mental and theoretical studies for the neutral hydrogen-bondedform and the chained structure (L) has the proton-nontransferred
clusters [GHsOH—(H,0),] (n = 1—4) show the fact that proton ~ form. The former is 1.8 kcal/mol more stable than the latter.

transfer does not occur in this neutral sysfef¥2484%where In the case of branched isomer (K), the large stabilization caused
the most stable structures are hydrogen-bonded complexedy the proton transfer can be rationalized by the fact that the
between the phenol and the ringed water clustep©Ojf?2 positive charge on the 0+ moiety well disperses through the
On the other hand, recent experimérts with the ion- three hydrogen bonds toward the phenoxy radical and two water
trapping technique for the REIsOH—(H0)]*t (n = 1-4) molecules. The calculated charge distribution shows that most

clusters demonstrate that the proton transfer occurs inthe  Of the positive charge0.634) is located on thed®™ ion and

3 clusters, but not in the = 1 andn = 2 clusters. Their that the remaining positive charge spreads to the surrounding
analysis of the IR spectra suggests that the proton-transferrednolecules, as listed in Table 4. In the case of the chained
complex does not have a hydrogen-bonded ringed structurestructure (L), the hydrogen-bond distance between the phenol
shown in the neutral cluster but has a branched structurecation radical and the water trimer is extremely short (1.286

involving an HO" ion® To examine these experimental A), although proton transfer does not occur. The calculated

suggestions, we have calculated the stable structures and theicharge distribution of the chained form (L) indicates that the

vibrational frequencies for these ion clusters. We will mainly positive charge on the phenol ring oozes out to the water
discuss with the results obtained by the B3LYP method for the molecules. The present result obtained with the B3LYP method
reason mentioned in the previous section IlI-A and B. demonstrates that the branched structure, being the proton
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Figure 5. Stable structures of the j8s0H—(H,O),]*" cluster (I) and the water dimer (J) calculated by using the B3LYP, [MP2], and (HF)
methods with the DZP basis set.

transferred form, is more favorable than the chained structure, of n = 4 cluster ions, there are two distinctive isomers, namely,
being the proton-nontransferred form, in the= 3 size cluster. the ringed structure (M) and the branched structure (N), as

In the case of the = 3 clusters, the calculated results with illustrated in Figure 7.
the HF and MP2 methods differ from the above results. Inthe  The obtained structures with the B3LYP method indicate that
HF calculation, the proton-transferred and -nontransferred both isomers are the proton-transferred form and there is no
structures are located at the energy minimum for both branchedlocal minimum for the proton-nontransferred structure. The
and chained isomers. The proton-transferred form is the mostringed structure (M) is calculated to be 2.5 kcal/mol more stable
stable in the branched structure, and the nontransferred form inthan the branched structure (N). There is a structural similarity
the chained structure is the most stable. Although both potential between the two isomers of the = 4 cluster ion and the
surfaces for the two isomers show a double minimum along branched form of th@ = 3 cluster ion, [GH5O*—H™(H,0)],
the proton-transfer coordinate, the energy barriers from the lesswhere the positive charge on the®i ion is fully stabilized
stable isomers are extremely small (less than 1.0 kcal/mol). through the three hydrogen bonds. The detailed charge distribu-
Moreover, the energy minima of the less stable isomers tions are listed in Table 4.
disappear when we corrected the zero-point vibrational energies The HF method gives results similar to the B3LYP method
in the HF calculation. Consequently, the result obtained with except for the case of the ringed isomer, which has a very
the HF method is similar to the result with the B3LYP method shallow energy minimum for the proton-nontransferred structure,
for the potential energy surface as well as the stable structuresbut this energy minimum disappears by the correction of zero-

On the other hand, the optimized structures for the two point vibrational energies.
isomers with the MP2 method are both the proton-nontransferred As a result of the correction of zero-point vibrational energies
form. The stability between the two isomers is, however, with the B3LYP method, the energy difference between the
consistent with the result obtained with the B3LYP method. ringed structure and the branched isomer inrnihe 4 cluster

Considering the tendency of the proton transfer obtained with size becomes ca. 1 kcal/mol. Consequently, we can conclude
the MP2 method, we can conclude that most of the hydrogen- that the two isomers of [{EHsOH—(H20)4]** have the proton-
bonded cluster at the sire= 3 exists as the brancheddds0O"— transferred form, [gHsO*—H*(H,0),4], and both ringed and
H*(H.0)3] form. branched structures would coexist.

3. n= 4 Cluster.We have carried out the calculation for F. Potential Energy Surfaces ofn = 1—4 Cluster lons.
the n = 4 cluster, [GHsOH (H,0)4]**, by using the HF and Figure 8 summarizes the potential energy surfaces obtained
B3LYP methods, since the geometry optimization with the MP2 with the B3LYP method for the hydrogen-bonded cluster ions
method is very time-consuming for large clusters. In the case [CeHsOH—(H20),]*" (n= 1—4). Table 5 lists the total energies
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Figure 6. Optimized structures of the branched (K) and chained (L) forms of thelGH—(H,O)s]*" cluster calculated by using the B3LYP,
[MP2], and (HF) methods with the DZP basis set.

TABLE 5: Total Energies (E (hartree)), Relative Energies AE (kcal/mol)), and Relative Energies Corrected with Zero-Point
Vibrations (AE,p (kcal/mol)) for the [CsHsOH—(H20),]**" Cluster lons Calculated by Using the HF, MP2, and B3LYP Methods
with the DZP Basis Set

HF method MP2 method B3LYP method
E AE AEzpve E AE AEzpve E AE AEzpve

(hartree)  (kcal/mol) (kcal/mol)  (hartree) (kcal/mol) (kcal/mol) (hartree) (kcal/mol) (kcal/mol)
(A) CeHsOH —305.62320 0.0 0.0 —306.57427 0.0 0.0 —307.51912 0.0 0.0
(B) CeHsOH* —305.36499 7.03eV 7.00eV—306.25461 8.70eV 8.76 eV—307.21972 8.15eV 8.15eV
(D) CsHsO () —305.03264 0.0 0.0 —305.89252 0.0 0.0 —306.87544 0.0 0.0
(C) CsHsO (0) —304.99749 0.96eV 0.98eV—305.89275 —0.01eV —-0.05eV —306.84219 0.90eV 0.90eV
(H) CsHsOH—NHz"+ —361.625 79 —362.695 20 —363.843 79
(F) GHsOH—H,0O"* —381.444 44 —382.532 35 —383.703 09
(I) CeHsOH—(H20)"* —457.512 39 —458.799 91 —460.175 69

CeHsOH_(H20)3'+

(K) branched transf. —533.58121 0.0 0.0 —536.64630 0.0 0.0
branched TS —533.57646 3.0 0.5 NA
branched nontransf. —533.57755 2.3 2.4 —535.064 40 0.0 NA
chained transf. —533.57307 5.1 4.7 NA NA
chained TS —533.57152 6.1 3.7 NA NA
(L) chained nontransf. -533.57566 3.5 4.2 —535.062 96 0.9 —536.64349 1.8 1.6
CeHsOH_(H20)4'+
(M) ringed transf. —609.64751 0.0 0.0 —613.116 64 0.0 0.0
ringed TS —609.64080 4.2 1.9 NA
ringed nontransf. —609.64108 4.0 3.7 NA
(N) branched transf. —609.646 23 0.8 —-0.4 —613.11269 2.5 1.1

and the relative energies with and without correction of the zero- Table 6 shows that the stabilization energy by hydrogen
point vibrational energies calculated with three different bonding becomes large as the number of acceptor molecules
methods. increases. As described in the previous sections, it is clear that
The potential curves have a single energy minimum for each the value of PA becomes large as the number of acceptor
size of cluster ions with the B3LYP method. It is found by molecules increases. Namely, thelgOH"—(H,0),] cluster
these energy curves that the= 3 (branched) and = 4 clusters ions undergo larger stabilization by hydrogen bonding with more
have the proton-transferred formd@s0O*—H*(H,0),] (n = 3, water molecules, which leads to the proton-transferred structure,
4), while then = 1, 2 andn = 3 (chained) cluster ions have the [C¢HsO*—H'(H0),], at then = 3 (branched) cluster ion. The
proton-nontransferred form fElsOH"—(H20),] (n = 1-3). MP2 calculation also gives the result that the stabilization
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Figure 7. Optimized geometries of the ringed (M) and branched (N) isomers of tités{@H—(H.O)4]** cluster calculated by using the B3LYP

and (HF) methods with the DZP basis set.

@ + H30*(Hz0),4

n=1 (F) 9.85eV (exp. 10.2)

n=2 () 8.40eV (exp. 8.62)
n=3 (K1) 7.87 eV (exp. 7.66)
Ze="n=4 M) 7.75eV (exp. 6.94)

OH

+ (Hy0)q

8.15 eV‘

(exp. 8.51 eV)

H30*(H20)n.4

Stabilization energies (kcal/mol)

(F) -24.0
n=2 @ -34.7
n=3 chained (L) -34.2
n=3 branched (K) -35.9
n=4 ringed M) -35.7
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H
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Figure 8. Potential energy curves of the g@sOH—(H0O).]*" (n =

1-4) clusters obtained by using the B3LYP/DZP method. The
experimental values shown in parentheses are taken from refs 38, 44
45, and 51.

neutral state, gHsOH + (H,0),, are 10.2, 8.62, 7.66, and 6.94
eV for n = 1—4, respectively*4>5! These values have good
correspondence with the calculated values with the B3LYP
method, as shown in Figure 8.

Although the HF method indicates that the potential energy
surfaces for the = 3 andn = 4 cluster ions have double-well
structure, the single-well potentials for both clusters seem to
be appropriate, since the small energy barriers vanish after the
correction of zero-point vibration, as shown in Table 6. This
result also supports the validity of the potential energy surfaces
calculated with the B3LYP method shown in Figure 8.

G. IR Spectra for n = 1—4 Cluster lons. Figure 9 depicts
the calculated IR spectra for thedsOH—(H20),]*" (n = 1—4)
cluster ions obtained by using the B3LYP method. In all
spectra, relatively strong peaks derived from theHCbending
of the phenyl ring and the ©H bending frequencies/f) of
the water molecules appear around the 120800 cnt? region.
Although these two types of bands are assignedtéi®ending
and the G-H bending in Figure 9, some of these bands are
strongly coupled to each other. The in-plane and out-of-plane
bending frequencies of the phenoHBl are also seen in the
same region of the spectra for the proton-nontransferred
structures (F), (1), and (L) with strong intensity for the former
and relatively weak intensity for the latter. On the other hand,
the bands that are due to the®t ion appear in the 1060
1700 cnt? region of the spectra for the proton-transferred forms
(K), (M), and (N). The peaks below 1000 ctare mainly
attributed to the vibrational modes of the phenyl ring moiety

energies by hydrogen bonding become large as the number of(mostly the 508-1000 cnt?! region) and the water moieties
acceptor molecules increases, although the MP2 method givegbelow the 600 cm! region). The G-H stretches of the phenyl

only the proton nontransferred forms for the= 1—3 cluster
ions.

The experimental values of the dissociation energies to the
proton-transferred speciesgisO° + HT(H.0),, relative to the

ring do not appear in all spectra because of the very weak
intensity as reported in the experimental stddthough the
corresponding peaks are calculated to be around the 320D cm
region and these frequencies do not depend on the cluster size.
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TABLE 6: Stabilization Energies without (AE) and with (AE_p.) the Zero-Point Vibrational Correction of the
[CeHsOH—(H0),]** (n = 1—4) Cluster lons Relative to the Phenol Cation Radical and Water Clusters (bD), Calculated by
Using the HF, MP2, and B3LYP Methods with the DZP Basis Set

HF method MP2 method B3LYP method
AE AEzpyc AE AEzpyc AE AEzpyc
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
CsHsOH" + (H20), — [CeHsOH—(H20)q]**
n=1(F) 20.4 18.4 219 19.6 24.0 22.2
n=2(l) 28.6 26.8 31.1 34.7 33.7
n=3
(L) chained (nontransferred) 29.0 28.6 30.4 34.2 35.9
chained (transferred) 27.3 28.1
branched (nontransferred) 30.2 30.5 31.3
(K) branched (transferred) 32.4 32.8 35.9 37.5
n=4
ringed (nontransferred) 29.4 30.2
(M) ringed (transferred 33.4 33.9 35.7 36.4
(N) branched (transferred) 32.6 34.3 33.2 35.4

We will focus on the G-H stretching frequencies in order (N), respectively. The tendency of these frequencies well
to provide direct evidence of proton transfer in the following corresponds to the ©H bond distances of ¥D* but not the
discussions. In the spectra shown in Figure 9, the scaling isintermolecular distances between phenoxy-B.
not carried out for all vibrational frequencies, since our interest 2 o-H Stretching Frequencies of the Water Molecul&ge
lies in the comparison of the calculated spectral patterns with il discuss the calculated IR spectra for thegffigOH—
the experimentally observed ones. (H20)]* (n = 1—4) clusters by comparing with the experi-

1. O—H Stretching Frequency of the Phenol Moietl.is mentally observed onfe.
well-known that the ©-H stretching frequency of the proton- The symmetric and asymmetricM stretching frequencies
donating moiety in the hydrogen-bonded system shows sub- ¢ \yater molecule in the = 1 cluster ion are calculated to be
stantial red-shift from the free ©H stretching frequency. In 3891 and 3901 cr, respectively. These values are close to

the IR spectrum of the = 1 cluster ion [GHsOH—H.O]"", those of the neutral water molecule, which are calculated to be
the O-H stretching frequency of the phenol moiety appears at 3g37 anq 3951 crif, respectively. These calculated values

2793 ent, which is 939 cm* red-shifted by hydrogen bonding 381 3901, 3831, and 3951 cinagree well with the corre-
compared to__t_hat of the bare pheml pgtlon rad|ca_l (3732km sponding experimental values, 3625, 3710, 3657, and 3756
Recently, Fujii et a!. reported the significant red.-sh|.ft (475¢€m cm™%, if they are scaled by 1.05. The IR intensity of the water
of the O—H stretching frequenpy of the phenol ion in tikeype moiety in the spectrum for the= 1 cluster ion (160.1 km/mol
hydrogen-bon_ded complex \.N'th benzéfieThe evaluated value for vz and 80.1 km/mol fow;) is shown to be strongly enhanced
ththe |r_et()3I-sh|ft, 93? c:‘nl, IS mu_ch Iz%[rr?er thaonHtEat gf.+the by forming the hydrogen bond compared to those of the bare
[p enor enzeng*] cluster 1on, since the [&E!F’ 20] water molecule (34.3 km/mol fors and 3.9 km/mol forv,)
cluster ion contains the-type hydrogen bonding between the with the B3LYP method. Similar intensity enhancement of the
phenol cation radical and the water molecule. ThetO O—H stretches of water molecules is observed by Choi et al.

stretching band of the = 2 cluster ion has lower frequency . _ . S ;
(2076 cnT?) than that of then = 1 cluster ion because of the n the [N@ (H20)n] cluster ions using infrared multiphoton
dissociation spectroscopy.

increasing basicity of the acceptor moiety, and the red-shift from

that of then = 1 cluster ion by the hydrogen bonding is In the spectra of = 2 cluster ions, it is found that the-€H
evaluated to be 717 crh The calculated ©H stretching stretching frequencies of the terminal water molecule (b'pr b
frequency of then = 3 cluster ion (L) appears at 1253 cin located at the outermost side of the hydrogen-bond chain always

resulting in the red-shift by 823 cth compared to that of the ~ appear at the 38663900 cn1* region without significant red-
n = 2 cluster ion. It is outstanding that the-® stretching ~ Shift. On the other hand, there are two types eftDstretches
frequency of the phenol cation radical exhibits the remarkable in the water molecules (a and c) which take part in the hydrogen-
red-shift by 706-900 cnt? as the number of water molecules bonded chain or ring at the inside. One of thel®bonds of
increases one by one. In the cases ofrthe 3 branched form ~ €ach water molecule is participating in the hydrogen bonding
(K) and n = 4 cluster ions, there is no band corresponding to and the other is a free €4 bond without hydrogen bonding.
the O—H stretching of the phenol moiety, since proton transfer In the cases ofi = 2 andn = 3 (chained) cluster ions, the
is completed in these cluster ions. stretching frequencies of the hydrogen-bondegHDbonds
The experimental spectra indicate the increase of intensity 8Xhibit @ large red-shift, while those of the free-@& bonds
and the broadning of the phenol-® stretching®2547 Our stay at the 38083900 cn1* region.
calculation shows that the infrared absorption intensity of the ~ The calculated spectral pattern of the-B stretches for the
O—H stretching of the phenol cation radical (266.0 km/mol) is n = 2 cluster ion indicates two strong bands at 3870 and 3937
extremely enhanced by 11.7 and 18.4 times owing to the cm* and a weak band at 3830 cf These three ©H
hydrogen bonding with a single water molecule and two water stretching frequencies of two water molecules seem to be
molecules, respectively. The large intensity is also obtained consistent with the experimentally observed bands, an intense
for the phenoxy ®-H stretching in the proton-transferred band at 3685 crt, a shoulder around 3730 cfh and a weak
structures, (K), (M), and (N). These intermolecular vibrations band at 3640 crt, respectivel\ A very broad band observed
belong to the asymmetric stretching of the proton between two around 3200 cm' would be assigned to the extremely strong
oxygens, &-H—0, whose frequencies are calculated to be peak of the hydrogen-bonded-® stretching of the intermedi-
1896, 2109, and 2987 crh for the structures (K), (M), and  ate water molecule (a) calculated at 3261 ém
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Figure 9. The calculated IR spectra of the g&sOH—(H20),]*" (n = 1—4) clusters obtained with the B3LYP/DZP method. In all spectra, bold
lines, bold dotted lines, and dotted lines designate the phenél & phenoxy G--H stretching, the hydrogen-bonded-@ stretching of the BD™
moiety, and the hydrogen-bonded-@® stretching of the water molecules, respectively. The peaks indicated with * and ** correspond to the
in-plane and out-of-plane bending modes of the pheneHQrespectively.



Size-Dependent Hydrogen Bonds

As shown in the spectrum of the chained structure (L) of the
n = 3 cluster ion, the ©@H stretching frequency of the water
molecule (a) adjacent to the phenol cation radical is calculated
to be 2776 cm?, whose red-shift is extremely large compared
to the frequency 3440 cm of the median water molecule (c).
There are four peaks of the free-® stretching of the water
molecules. On the other hand, we have obtained two intense
O—H bands at 3825 and 3932 cfin the spectrum of the
branched structure (K) of the = 3 cluster ion, which is the
proton-transferred form. These two peaks agree well with the
experimentally observed ones, 3637 and 3730'dmMoreover,
the extremely broad band observed around 3100'amay be
attributed to the two peaks of the-® stretching of the BHO™
ion calculated at 3086 and 3140 cin

The calculated spectra for the ringed (M) and branched (N)
forms of then = 4 cluster ions resemble the spectrum of the
branched structure (K) of the = 3 cluster ion owing to the
structural similarity. Among the three species (K), (M), and
(N), the strong bands in the 1982100 cnt region are mainly
due to the G-H stretching of the BO™ connecting to the
phenoxy moiety, although the peaks for (K) and (M) are
assigned to the phenoxy-GH streching in Figure 9. The
hydrogen-bonded ©H stretching of the KO toward the HO
molecules varies from 2900 to 3150 chdepending on the
strength of their hydrogen bonds.

In the case of the ringed form (M), there are two peaks of
the free G-H stretching over the 3800 crhregion, whereas
three peaks appear for the branched isomer (N). The IR
spectrum observed for the = 4 cluster ions in the 29060
3800 cnt?! region seems to correspond well to the calculated
spectrum of the ringed form (M) of the = 4 cluster ion,
although the experimental spectrum is not highly resolved.
Although a broad and intense band whose peak is 3370 cm
has not been characterized yet, this band seems to correspon
to the hydrogen-bonded-€H stretching of the median waters
(c and ¢) calculated at 3639 and 3667 chn

From these results, we have found that the theoretically
predicted spectra fon = 1—4 clusters, which correspond to

the most stable structures among isomers, show reasonablé?

agreement with the experimental IR speétrin the case oh

= 3 cluster ions, the calculated IR spectrum of the proton-
transferred branched form (K) has good correspondence with
the reported IR spectrum. Considering the small energy
difference between the two isomers of the= 3 cluster ions

(K) and (L), the proton-nontransferred isomer (L) can also
contribute to the experimentally observed spectrum. Since the
energy difference between branched (N) and ringed (M)
structures of then 4 cluster ions is also small, the
experimentally observed IR spectrum is expected to be a mixture
of the spectra of the two isomers (N) and (M).

IV. Conclusion

The hydrogen-bonded cluster ions of phenol with water
molecules [GHsOH—(H20),]*" (n = 1—4) exhibit quite dif-
ferent properties on the proton transfer in comparison with that
of the neutral state. In contrast to the neutral clusters, proton

J. Phys. Chem. A, Vol. 102, No. 21, 1998311

acceptor moieties (#0), becomes large a®™ increases, which
leads to the proton transfer at the=n 3 cluster ion. The
threshold value for the proton transfer from the phenol cation
radical is predicted to lie at PA 207 kcal/mol with the B3LYP
method. This value is very reasonable, because the calculated
energy difference between the phenol cation radical and the
phenoxy radical is 208 kcal/mol with the B3LYP method.
The experimentally suggested threshold value of the proton
transfer in this system is PA 204.7 kcal/mof, which is in
good agreement with the calculated value. The present study
by using the B3LYP density functional method not only well
describes the experimental IR spectra but also predicts the
stabilization energies and the most stable structures of the
hydrogen-bonded cluster ions,d@OH—(H20)n]*" (n = 1—4)
and [GHsOH—NHgz]**.

The theoretically obtained vibrational spectra suggest that the
n = 3 cluster ion involves mainly the proton-transferred
branched structure and time= 4 cluster ion may be a mixture
of the branched form and the ringed structure, by comparing
with the experimental spectra.
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