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Abstract: Infrared photodissociation spectroscopy is reported for mass-selected Ni*(H,O), complexes in
the O—H stretching region up to cluster sizes of n = 25. These clusters fragment by the loss of one or
more intact water molecules, and their excitation spectra show distinct bands in the region of the symmetric
and asymmetric stretches of water. The first evidence for hydrogen bonding, indicated by a broad band
strongly red-shifted from the free OH region, appears at the cluster size of n = 4. At larger cluster sizes,
additional red-shifted structure evolves over a broader wavelength range in the hydrogen-bonding region.
In the free OH region, the symmetric stretch gradually diminishes in intensity, while the asymmetric stretch
develops into a closely spaced doublet near 3700 cm~!. The data indicate that essentially all of the water
molecules are in a hydrogen-bonded network by the size of n = 10. However, there is no evidence for the
formation of clathrate structures seen recently via IR spectroscopy of protonated water clusters.

Introduction advances in infrared photodissociation spectroscopy are begin-
ning to shed light on the structures and growth dynamics of
metal ion complexes as a function of siZe?? In the present
study, we report IR spectroscopy for™H,O), complexes in

the OH stretching region. Spectroscopy over the size range of
= 1-25 investigates the nascent solvation process.

Metal cation complexes with water have been produced and

studied in mass spectrometry for many years. Equilibrium

The solvation of metal cations by water is ubiquitous
throughout chemistry and biolody2 However, the energetics
and dynamics of this process result from the subtle interplay of
electrostatic and covalent interactions that are challenging to
understand at the molecular level. Gas-phase metal ion com-
plexes provide convenient models for cation solvation processes
and for studies of so-called “aqua ions” in isolated fdr.
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measurements, collision-induced dissociation, and radiative been studied through similar electronic spectroscopy based on
association reactions have been employed to determine-metal low-lying excited states corresponding to different configurations
water binding energies.l® These studies have investigated of the valence d electror#@34 New ion sources (e.g., electro-
singly charged metal ions more extensively because they arespray) have produced water complexes with multiply charged
easier to form in the gas pha&eég but recent experiments have metal cations, but the spectroscopy of these species is still in
been extended to multiply charged metal systém¥. Theory its infancy3* ZEKE spectroscopy has been demonstrated for
has investigated the structures that form when water binds to amonohydrated metals, providing vibrational information for the
metal cation, the distortion of the water molecule that ac- ground electronic states of the catich$®IR photodissociation
companies this binding, and the metafater dissociation spectroscopy was first described by Lisy and co-workers for

energieg%2% Because of the low density of gas-phase ions that alkali-metal cation complexes with waté€rbut our groug® and
can be produced, absorption spectroscopy is not feasible andother$® have now extended this method to small catierater
various forms of so-called “action” spectroscopy have been complexes with higher melting point metals.

applied to these systems. Electronic photodissociation spectros- IR spectroscopy is particularly informative for studies ofion
copy has been productive for the singly charged alkaline-earth- water complexes because of the convenience of measurements
metal complexe3’32 These species have a single valence in the O—H stretching region. The frequencies of the isolated
electron on the metal that gives rise to strongly allowed metal- water molecule (3657 and 3756 cinfor the symmetric and
based electronic transitions. Transition-metal complexes haveasymmetric stretche¥) shift in predictable ways upon com-
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Lisy and co-workers have investigated the clustering behavior
of alkali-metal cation-water complexes and mixed complexes
containing water and other solvent molecules using this
method?” Several other research groups have studied nonmetal
anion—water or protonated water complexes using similar
methodology>—%2 In recent experiments by our group and
others38:39 |aser vaporization cluster sources have been incor-
porated together with IR photodissociation spectroscopy, making
it possible to explore small catietwater complexes containing
refractory metals. In the present work we present a study of
Ni™(H,0), complexes up to complex sizes of= 25. This is

the first study to document the progressive solvation of a
transition-metal cation.

Experimental Section

Nickel—water complexes are produced by laser vaporization in a
pulsed supersonic expansion and analyzed in a reflectron time-of-flight
mass spectrometer. The molecular beam apparatus and the mas

(52) Schuster, P., Zundel, G., Sandorfy, C.; Ebse Hydrogen Bond: Recent
Developments in Theory and Experimert®rth-Holland Publishing Co.:
Amsterdam, 1976; Vol. 2.

(53) Jeffrey, G. A.An Introduction to Hydrogen Bondingxford University
Press: Oxford, U.K., 1997.

(54) Scheiner, S.Hydrogen Bonding, A Theoretical Perspeeti Oxford
University Press: Oxford, U.K., 1997.

(55) (a) Yeh, L. I.; Okumura, M.; Myers, J. D.; Price, J. M.; Lee, YJTChem.
Phys.1989 91, 7319. (b) Okumura, M.; Yeh, L. I.; Myers, J. D.; Lee, Y.
T.J. Phys. Chenil99Q 94, 3416. (c) Yeh, L. |.; Lee, Y. T.; Hougen, J. T.
J. Mol. Spectroscl994 164, 473. (d) Crofteon, M. W.; Price, J. M.; Lee,
Y. T. Springer Ser. Chem. Phyk994 56 (Clusters of Atoms and Molecules
1), 44. (e) Wu, C. C,; Jiang, J. C.; Boo, D. W.; Lin, S. H.; Lee, Y. T
Chang, H. CJ. Chem. Phy200Q 112 176. (f) Jiang, J.-C.; Wang, Y.-S;
Chang, H.-C.; Lin, Sheng H.; Lee, Y. T.; Niedner-Schatteburg, G.; Chang,
H.-C.J. Am. Chem. So@00Q 122, 1398. (g) Chaudhuri, C.; Wang, Y. S.;
Jiang, J. C.; Lee, Y. T.; Chang, H. C.; Niedner-Schatteburdi@. Phys.
2001, 99, 1161. (h) Lin, C. K.; Wu, C. C.; Wang, Y. S.; Lee, Y. T.; Chang,
H. C. Phys. Chem. Chem. Phy&005 7, 938. (i) Wu, C. C,; Lin, C. K.;
Chang, H. C,; Jiang, J. C.; Kuo, J. L.; Klein, M. I. Chem. Phys2005
122 074315.

(56) (a) Choi, J. H.; Kuwata, K. T.; Haas, B. M.; Cao, Y.; Johnson, M. S.;
Okumura, MJ. Chem. Phys1994 100, 7153. (b) Choi, J. H.; Kuwata, K.
T.; Cao, Y. B.; Okumura, MJ. Phys. Chem. A998 102 503. (c) Johnson,
M. S.; Kuwata, K. T.; Wong, C. K.; Okumura, MChem. Phys. Letf.996
260, 551.

(57) (a) Bailey, C. G.; Kim, J.; Dessent, C. E. H.; Johnson, MCAem. Phys.
Lett 1997 269 122. (b) Ayotte, P.; Weddle, G. H.; Kim, J.; Johnson, M.
A. Chem. Phys1998 239 485. (c) Ayotte, P.; Weddle, G. H.; Kim, J.;
Johnson, M. AJ. Am. Chem. So0&998 120, 12361. (d) Ayotte, P.; Bailey,
C. G.; Kim, J.; Johnson, M. Al. Chem. Physl998 108 444. (e) Ayotte,
P.; Nielsen, S. B.; Weddle, G. H.; Johnson, M. A.; Xantheas, 3. Bhys.
Chem. A1999 103 10665. (f) Price, E. A.; Robertson, W. H.; Diken, E.
G.; Weddle, G. H.; Johnson, M. AZhem. Phys. LetR002 366, 412. (g)
Corcelli, S. A.; Kelley, J. A.; Tully, J. C.; Johnson, M. A. Phys. Chem.
A 2002 106, 4872. (h) Robertson, W. H.; Johnson, M.Annu. Re. Phys.
Chem.2003 54, 173. (i) Robertson, W. H.; Diken, E. G.; Shin, J.-W.;
Johnson, M. AScience2003 299, 1367. (j) Hammer, N. I.; Shin, J.-W.;
Headrick, J. M.; Diken, E. G.; Rosciolli, J. R.; Weddle, G. H.; Johnson,
M. A. Science2004 306, 675. (k) Price, E. A.; Hammer, N. I.; Johnson,
M. A. J. Phys. Chem. 2004 108 3910. (I) Diken, E. G.; Robertson, W.
H Johnson, M. AJ. Phys Chem. 2004 108 64. (m) Headrick, J. M.;

opp, J. C.; Johnson, M. Al. Chem. Phys2004 121, 11523.

(58) (a) Sawamura T, FUJII A Sato, S.; Ebata, T.; MikamiJNPhys. Chem.
1996 100 8131. (b) Ebata, T Fu1|| A Mlkaml Nnt. Rev. Phys. Chem.
1998 17, 331. (c) Miyazaki, M.; Fujii, A.; Ebata, T.; Mikami, NScience
2004 304, 1134. (d) Miyazaki, M.; Fujii, A.; Ebata, T.; Mikami, NJ.
Phys. Chem. 2004 108 10656. (e) Miyazaki, M.; Fujii, A.; Ebata, T.;
Mikami, N. Phys. Chem. Chem. Phy2003 5, 1137. (f) Miyazaki, M.;
Fujii, A.; Ebata, T.; Mikami, N.Science2004 304, 1134.

(59) (a) Bieske, E. J.; Dopfer, @hem. Re. 200Q 100, 3963. (b) Dopfer, O.;

oth, D.; Maier, J. PJ. Phys. Chem. £00Q 104, 11702. (b) Dopfer, O.;
Roth, D.; Maier, J. PJ. Chem. Phys2001, 114, 7081.

(60) (a) Lehr, L.; Zanni, M. T.; Frischkorn, C.; Weinkauf, R.; Neumark, D. M.
Sciencel999 284, 635. (b) Asmis, K. R.; Pivonka, N. L.; Santambrogio,
G.; Bruemmer, M.; Kaposta, C.; Neumark, D. M.; WoesteStience2003

299, 1375.
(61) (a) Shin, J.-W.; Hammer, N. I.; Diken, E. G.; Johnson, M. A.; Walters, R.
S.; Jaeger, T. D.; Duncan, M. A.; Christie, R. A.; Jordan, K.92ience

2004 304, 1137. (b) Headrick, J.; Diken, E. G.; Walters, R. S.; Hammer,
N. I.; Christie, R. A.; Cui, J.; Myshakin, E. M.; Duncan, M. A.; Johnson,
M. A.; Jordan, K. D.Science2005 308 1765.

(62) Fridgen, T. D.; McMahon, T. B.; MacAleese, L.; Lemaire, J.; Maitre].P.
Phys. Chem. 2004 108 9008.

ARTICLES
Ni*
1+
Ni (HZO)n
n=2
10
20
0 100 200 300 400 500 600
mass

Figure 1. Mass spectrum of NiH20), cation clusters produced by laser
vaporization.

spectrometer have been described previotsi§A rotating nickel rod

is vaporized by the third harmonic of a Nd:YAG (355 nm) in the source
chamber. Ni(H,O), clusters are produced by adding a few drops of
water to a helium, neon, or argon expansion produced by a pulsed
General Valve (1 mm nozzle) at 60 psi backing pressure and«200
pulse duration. The ions are skimmed into the mass spectrometer and
extracted into the first flight tube of the reflectron using pulsed
acceleration voltages. They are then mass-selected by pulsed deflection
plates before entering the reflectron where they are excited and
photodissociated at the turning point by the infrared output of an optical
parametric oscillator (OPO). The characteristics of the OPO have been
described previousl#:4%46 Parent and fragment ions are mass-analyzed
in the second flight tube using an electron multiplier tube detector and
recorded with a digital oscilloscope (LeCroy LT342). The data are
transferred and stored in a PC via an IEEE-488 interface. Infrared
resonance-enhanced photodissociation (IR-REPD) spectra are obtained
by monitoring the intensity of the fragment ions as a function of the
laser wavelength.

Density functional theory (DFT) calculations (Gaussian 0%\Wgre
carried out at the B3LY® level using the 6-311G** basis set on the
small cation-water complexes NiH.0):-s, to elucidate their vibra-
tional band assignments. Vibrational frequencies were scaled by a factor
of 0.96, consistent with earlier work on similar systeths.

Results and Discussion

Laser vaporization of the nickel sample and coexpansion with
water vapor produces a distribution of iemolecule complexes
of the form Ni*(H,0), extending over the range of abaut=
1-30, as shown in Figure 1. The multiplet structure on each
peak is associated with the naturally occurring isotopes of nickel
(58, 60, and 62 amu). This is resolved at low mass, but causes
an unresolved width on higher mass peaks. The maximum
intensity in this distribution and its extent to higher mass can
be adjusted with the partial pressure of water present, by
variation of the expansion gas backing pressure or by the impact
position and intensity of the vaporization laser on the metal
target. The timing of the vaporization laser relative to the beam
gas pulse is also an important variable in optimizing this
distribution.

To explore the vibrational spectroscopy of these clusters, we
size select them one at a time and excite them with the IR OPO
to attempt to measure resonance-enhanced photodissociation.
When we do this experiment on the smalil,O), complexes

(63) Frisch, M. J.; et alGaussian 03rev. B.02; Gaussian, Inc.: Pittsburgh,
PA.

(64) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. B 1988 37, 785.
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Table 1. Dissociation Energies of Ni*(H,O), lons (kcal/mol +
experimental theoretical
Ni*(H20) 39.7236.5243.9 41.9945.¢¢
Ni*(H20)2 38.0040.6240.2
Ni*(H20)s 16.Z
Ni*(H20)4 12.3

aReference 8° Reference 9¢ Reference 1079 Reference 20¢ Reference
24.

(n = 1-2), we can detect no measurable photodissociation
signal in the vicinity of the G-H stretches of water. This is not
surprising, because photodissociation requires that the IR 340 3500 3600 3700 3800 3900
excitation provide enough energy to break a bond in the cluster.
The weakest bond in catietwater complexes is expected to
be that between the metal ion and the water molecules. The
dissociation energies of NjH,0);—4 ions have been measured
previously via collision-induced dissociation experimetts,
and the binding energies in these ions have also been com-
puted?923.24These values are reported in Table 1. As shown,
the binding energy of the last water molecule in each of these
complexes exceeds 12 kcal/mol (about 4000~Hm and
therefore, it is understandable that our IR excitation near 3600
3700 cn1! is not energetic enough to break such a bond to
eliminate water from these_clu_sters. As _in many-ionolecule 34'00 1500 3600 3700 1300 2900
complexes, the average binding energies for water molecules
beyond the first in this system decrease with cluster size. The
binding energies of the = 1 and 2 complexes are quite similar, Figure 2. Infrared photodissociation spectrum oﬁlﬂHZO)Arz measured
. . . in the loss of argon channel. The lower trace is the spectrum predicted
and there is a sharp decrease noticeable on going from#he i B3 YP/6-31H-G**.
2 ton= 3 complex. Ther = 3 and 4 complex binding energies
are close to the IR photon energy in the-B stretching region, The spectrum that we measure forti,O)Ar; in the loss
but still slightly greater. of argon channel is shown in Figure 2. There are two strong
To obtain a spectrum for the= 1 complex, we employ the resonances measured at 3623 and 3696'cand there is a
method of “rare gas tagging® 4657-59 This general method much weaker band at 3822 cf Spectra similar to this one
was first known as “spectator” atom or molecule attachment, have been reported recently by our group for the corresponding
as described by Lee and co-workést is now a common  V'(H:0) and Fe(H;0) species®Both our group*and that
method of measurement for photodissociation spectroscopy ofof Nishi and co-workef® have studied M§(Hz0), where a
ion—molecule complexes. To do this, we produce mixed Similar spectrum is also observed. The IR-active fundamentals
complexes of the form NiH,O)(Ar)m, by making the ions in expected in this wavelength region are those corresponding to
an expansion of argon. The binding energy of argon to many the symmetric and asymmetric stretching modes of the free
ion—molecule complexes is low enough so that photoexcitation Water molecule. These frequencies (3657 and 3756'care
in the IR can lead to argon elimination. If the argon is relatively shown with the blue dashed lines in the figure. As indicated,
weakly bound and attached at a binding site remote from the the two most intense bands in the present spectrum appear at
chromophore of interest, then this tagging method can provide frequencies just lower than those of the free water vibrations.
an IR photodissociation spectrum whose resonances lie veryWe therefore assign the 3623 cmband as the symmetric
close (5-10 cnmY) to those of the parent ion of interest. The stretch and the 3696 crhband as the asymmetric stretch. The
binding energy of argon to the nickel cation in the*Ar red shifts are then 34 and 60 ch respectively, for these
diatomic molecule is 4572 5 cnil.65¢ Consistent with a transitions relative to those in the free water molecule. The
similar high binding energy for the argon in the mixed complex, Weaker band at 3822 crhis also seen frequently in the spectra
we find that we also cannot dissociatet{#l,O)Ar in the O-H of other water-containing clusters, and it is generally assigned
stretch region. However, we are able to produce the complexto be a combination band between one of theHDstretch
Nit(H20)Ar,, and this ion does dissociate by losing argon. Vibrations and an intermolecular stretch or bend. For example,
Apparently, the binding energy of the second argon is lower this band lies 199 crit above the symmetric stretch band, and
than the IR excitation energy, because the dissociation isan in-plane bend is predicted at 189 ¢m
efficient. Unfortunately, we cannot produce thet{#i,O),Ar To make a more quantitative investigation of this spectrum,
complexes or larger complexes tagged with argon having enoughwe have performed DFT calculations on the (#.0) complex
intensity to study. The tagging experiment is therefore only with zero, one, and two argons attached, and these data are
useful to examine the spectrum of the monohydrated complex. presented in Table 2. The NH20) complex is bound in &,
configuration consistent with a significant charge-dipole com-
(65) (a) Lessen, D. E.; Brucat, P.Ghem. Phys. Letl.988 152, 473. (b) Lessen, ponent in its bonding, as expected. The first argon atom is added
E.; Asher, R. L; Brucat, P. Ady. Met. Semicond. Cluste993 1, opposite the water on th&, axis, preserving th€,, symmetry.

267 (c) Asher, R. L Bellert, D.; Buthelezi, T.; Brucat, PChem. Phys. . 7
Lett. 1994 228 599. When two argons are present, they bind opposite each other

-1
cm
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Table 2. Structural Data and Vibrational Frequencies Calculated for the Various Ni*(H20), Complexes at the B3LYP/6-311+G** Level?

energies (kcal/mol), selected frequencies (cm~?) M*-0 M*—Ar
complex structure BE? (D) (IR intensities, km/mol) A A
Ni*(H20) 2B, (Ca) 39.0(39.0) 1585 (87), 3620 (148), 3695 (267) 2.002
Ni*(H.0)Ar 2B, (Ca) 52.1(43.0) (13.0) 1596 (84), 3628 (156), 3704 (255) 1.948 2.333
Ni*(H20)Arz 2B2(C2) 57.5(38.3) (5.4) 1587 (90), 3621 (137), 3698 (237) 1.966 2.477
Ni*(H20), 2B (Cyp) 86.3 (47.3) 1586 (19), 1586 (177), 3622 (280), 3625 (0.5), 1.913
3699 (33), 3700 (466)
Ni*(H20)s 2A1(Cz) 108.3 (22) 1581 (125), 1582 (150), 1583 (6), 3641 (155), 2.003, 2.003, 2.047
3642 (42), 3651 (60), 3722 (0), 3723 (390),
3738 (166)
Ni*(H20)4 2B (Cyp) 125.0 (16.7) 1569 (154), 1574 (28), 1574 (40), 1578 (146), 2.079, 2.079, 2.106, 2.106
3638 (28), 3640 (85), 3644 (79), 3645 (20),
3724 (8), 3725 (286), 3734 (105), 3734 (190)
[NiT(H20)3](H20) 2A" (Cy 123.0 (14.7) 1569 (114), 1577 (94), 1580 (85), 1608 (32), 2.031, 1.996, 2.007, 4.245
3292 (1201), 3642 (104), 3645 (55), 3656 (39),
3719 (117), 3724 (148), 3728 (211), 3746 (138)
[Ni*(H20)4](H20) 2A (Cy) 141.0 (16.1) 1568 (121), 1571 (92), 1573 (114), 1579 (26), 2.124,2.074, 2.075, 2.096, 3.848
1608 (57), 3485 (110), 3516 (736), 3633 (30),
3638 (45), 3643 (49), 3699 (141), 3708 (131),
3715 (142), 3725 (154), 3734 (137)
[Ni*(H20)3](H20),  2A (Cy) 138.0 (14.8) 1567 (124), 1573 (84), 1575 (79), 1601 (62), 2.001, 2.027, 1.986, 4.267, 4.149
1604 (28), 3258 (1391), 3335 (921), 3647 (64),
3655 (38), 3661 (40), 3709 (121), 3721 (114),
3731 (169), 3746 (133), 3752 (137)
Ni*(H20)3](H20). 2A1(Cy) 135.1(12.1) 1566 (143), 1572 (18), 1573 (200), 1575 (1), 2.016, 2.016, 1.993, 4.189, 4.189

1620 (7), 3395 (636), 3442 (1198), 3647 (126),
3648 (0), 3656 (15), 3657 (45), 3732 (0),
3732 (322), 3746 (0), 3747 (253)

a A full description of our DFT calculations, including a complete list of all the vibrational frequencies, is given in the Supporting Informatias for t
paper. Vibrations are scaled by 086 Total binding energy for all ligands in the cluster relative to separatédaktd n(H,O) + mAr. ¢ Dissociation
energy for elimination of the “last” ligand. In the case of argon-tagged species, the first number in parentheses is the energy for the last wateca@mnd th
is that for the argon.

and off theC; axis, with each out of the plane formed by the vibrations, explaining the observed red shifts. Also consistent
cation+ water, but again preserving the ovei@, symmetry. with this reasoning, the OH stretches in thgF ion are 3213
These calculations find symmetric and asymmetric stretches forand 3259 cm?, and these are 400 cnt? red-shifted compared
the Nit(HO) ground-statéB, complex (scaled by 0.96) of 3620  to those of neutral watéf.Although the details of the orbitals
and 3695 cm?, while those for the complex tagged with one are different, the red-shifting of vibrations here is similar to
and two argons are 3628/3704 and 3621/3698 ‘cnmespec- that found for the carbonyl stretch in M(CQGgomplexes, which
tively. The argon atoms reduce the red shift of the-HD comes from the familiar effects of-donation andr-back-
stretches compared to the values for the isolatetiHO) bonding®:6” We have recently seen a similar red shift for the
complex. This indicates that the argon atoms act essentially asC—H stretches in M(C;H,), complexe®® and for the N-N
ligands, partially diluting the red shift expected for the isolated stretch in M"(Ny), complexes>
Ni*(H20) complex. Figure 2 shows the spectrum calculated for ~ As noted above, we are not able to produce enough argon-
the Nit(H,O)Ar, complex compared to the experimental one. tagged Ni(H,O), or larger complexes for study. However, we
The agreement between the band positions predicted by theoryhave calculated the structure for the= 2 complex, and we
and those measured by the experiment is excellent when thefind that the two water molecules bind opposite each other in
argon atoms are included. Although the band positions matchan overall C, configuration, very close to the pland;,
well, the relative intensities are somewhat different between the structure. As shown in Table 2, these-8 stretches for Ni-
predictedabsorptionspectrum and the measurptiotodisso- (H20), are predicted to be red-shifted a little less than those
ciation spectrum. This difference could arise from different for Ni*(H0).
dissociation yields for the two vibrational modes or simply We find that photodissociation becomes possible fomtke
because the measured spectrum is partially saturated, whict8 and larger complexes without the need for tagging. This is
would enhance the intensity of the weaker band. It is not possibleinitially a surprise, because the binding energies inrthe 3
to explain line intensities completely, and therefore, we focus and 4 complexes are still slightly higher than the energies of
primarily on band positions in the subsequent discussion. vibrations in the G-H stretching region. However, the energetics
Red-shifted G-H stretching modes have now been seen in are close, and it is reasonable that some fraction of the clusters
the spectra of all the MH,0) complexes that have been produced have internal energy that is not completely quenched

studied®”3% We have explained this shift previously in terms
of an inductive effect in which the metal cation binds iCa
configuration with water, attached in the region of the lone pair

in the supersonic expansion. If tme= 3 and 4 complexes
contain a few hundred inverse centimeters of internal energy
prior to excitation with the infrared laser, it is possible that

electrons, and polarizes these electrons. The lone pair electronglissociation can occur. Likewise, it is conceivable that there is

have partial bonding character, and as this electron density is

shifted away from the water, its bonding is disrupted. Weaker (86) Frenking, G.; Froelich, NChem. Re. 200 100 717.

bonding on the water subsystem leads to lower frequency

(67) Zhou, M.; Andrews, L.; Bauschlicher, C. W., &hem. Re. 2001, 101,
1931.
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em™ this complex. Consistent with our interpretation of the spectral

Figure 3. Infrared photodissociation spectrum of iH,0)s measured in shifts, all three water molecules are attached directly to the metal

the loss of water channel (top) compared to the spectrum predicted by theorycation. Two waters have their hydrogens opposite each other

(bottom). and out of the G-Nit—0O plane, while the third water has its
hydrogens in this plane, yielding an over@l, configuration.

a small amount of two-photon absorption that allows these Red-shifted G-H vibrations, consistent with the experimental

complexes to be studied. In any event, we can measure spectrgpservations, are again predicted. The calculated spectrum is

for then = 3 and larger complexes all the way upric= 25. also shown in Figure 3, and its band positions agree nicely with
All these spectra are recorded in the mass channel correspondthe experiment.

ing to the loss of one water molecule from the selected parent

ion Figure 4 shows a comparison of the spectrum measured for

the Nit(H,0); complex to those of the next largar= 4, 5,
Figure 3 shows the spectrum for the i;0); complex, and 6 species. Vibrational band positions for these and the other
which is the smallest one that we can measure without argonc|ysters studied here are presented in Table 3. Resonances are

tagging. As shown, there are again resonances in thé1O  qetected for all of these species in the region of theHD

stretch region near the frequencies of the free water molecule.stretching vibrations (36663800 cnt?) like those seen for the
Two broad bands are observed at 3619 and 3700 cwhich n = 1 andn = 3 species. The spectra for the larger clusters

are red-shifted 38 and 56 crhfrom the free water vibrations.  here are broad and are more like the 3 spectrum than they
The width of these features presumably occurs because clustergye |ike the argon-tagged = 1 spectrum. Then = 3 and 4
with elevated internal energy are detected preferentially in this spectra have similar peak widths, positions, and relative
experiment, and those species would have thermal (rotationalintensities for the two bands, with the symmetric stretch band
or sequence band structure) width on their bands. A broad gppearing slightly more narrow and a little more intense than
shoulder on the high-frequency side of the spectrum may comethat for the asymmetric stretch. The bands at 3619 and 3700
from an unresolved combination band like that seen at 3822 cjy1 for then = 3 complex have shifted only slightly to appear
cm™ ! for then = 1 species. If we allow for some uncertainty in gt 3626 and 3702 cm for then = 4 complex. Then = 5 and
band positions due to the width of these features, then the redg spectra in this region begin to change in their relative intensity
shifts for then = 3 complex are essentially the same as those ratios, with the lower frequency band decreasing in intensity
of the Ni*(H20)Ar, complex. Even though the argon binding relative to the higher frequency one. At= 6, the lower
is weaker, both Complexes have three Iigands to distribute thefrequency band (marked with an arrow) has dropped toa bare|y
binding interactions, and it is perhaps understandable that thedetectable level, while the higher frequency band has grown
red shifts are not so different. There is no signal in the lower narrower and has split into a closely spaced doublet. While these
frequency region (32003500 cn1') where resonances from  changes evolve in the €H stretching region, new structure
hydrogen-bonded water molecules might be found. We thereforegiso emerges in the hydrogen-bonding region (328800
conclude that all three water molecules in these complexes arecm1). The first sign of any resonances here comes for the
coordinated direct'y to the metal ion, with all-H groups n=4 Comp|exy which has a Sing|e band near 3180 &nfthe
pointing away from the metal so that they vibrate freely. n =5 spectrum has three bands in this region (3195, 3357, and
We have also calculated the structure and spectrum fan the 3520 cn1l). Then = 6 spectrum has bands at 3380 and 3520
= 3 complex, and these results are presented in Table 2 andcm™! that line up close to the two higher frequency bands seen
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Table 3. Band Positions of the Infrared Resonances Measured for 3624
Ni*(H20), Complexes?
Ni*(H20)Ar2 3623, 3696, 3822
Ni*(H20)3 3619, 3700
Ni*(H20)a 3180, 3626, 3702
Ni*(H20)s 3195, 3357, 3520, 3630, 3705
Ni*(H20)e 3380, 3520, 3634, 3694, 3716
Ni*(H20)7 3391, 3526, 3615, 3692, 3721
Ni*(H20)g 3402, 3620, 3694, 3722 — 77—
Ni*(H20)9 3420, 3520, 3620, 3696, 3722 2800 3000 3200 3400 3600 3800 4000
Ni*(H20)10 3520, 3692, 3719
Ni*(H20)11 3500, 3698, 3720 el
Ni*(H20)2 3500, 3695, 3719 I
Ni*(H20)3 3350, 3500, 3700, 3720 ____C{
Ni*(H20)14 3350, 3510, 3701, 3717 %0 ?
Ni*(H20)s 3200, 3360, 3516, 3698, 3718
Ni*(H20)s6 3514, 3701, 3717 Q
Ni*(H20)17 3510, 3701, 3719
Ni*(H2O)s 3510, 3700, 3720
Ni*(H20)19 3510, 3700, 3720 T T T T T
Ni+(H20)z0 3513, 3700, 3720 2800 3000 3200 3400 3600 3800 4000
Ni*(H20)21 3515, 3700, 3720
Ni*(H20)22 3515, 3700, 3720 ol
Ni*(H20)23 3509, 3698, 3720 7
Ni*(H20)24 3500, 3700, 3720 el
Ni*(H20)5 3500, 3699, 3717 !
Ni*(H20)6 3500, 3698, 3718 o—d
Ni*(H20)28 — 53698, 3718 Oo
Ni*(H20)30 — b 3698, 3719
a All units are in cnTl. ® No measurements were taken in the hydrogen zgloo 3(;00 32|00 34100 36|00 33l00 4(;00
bonding region for these complexes. a
cm
for n= 5, while the lower frequency band seen for 4 (3185 Figure 5. Schematic representations of the different possible configurations

for ann = 4 complex and the spectra resulting from these compared to the

cm1) and 5 (3195 cm?) has dropped almost out of sight hy experimental spectrum.

= 6.

The growth of these clusters clearly has a strong influence |east one molecule of water that is not attached to metal and is
on the infrared resonances, and these resonances can be uUsegsiead in the second sphere.
to understand the cluster growth. The first issue in the small  \yie have calculated the structures and spectra fon e
clusters is the identification of the number of molecules in the ¢ ster with four ligands coordinated directly to the metal, and
first coordination sphere. Our previous work _"Vithw_OZ)” the stable configuration has a structure that is nearly square
and Nif(CaHz)n complexe&“ found clear evidence in the  pianar with respect to the O atoms. The spectrum for this four-
fragmentation patterns and the appearance of new IR bands for,qgrginate species is shown in Figure 5, where it is compared
a coordination number of four ligands around the singly charged g g, expanded view of the measured spectrum. As shown, the
nickel cation under similar gas-phase conditions. A coordination free OH region matches the experiment, but there is of course
number of four is also not unusual for Ni(l) in conventional 5 resonance in the hydrogen-bonding region for this species.

inorganic chemistry® However, in the present system, the There are several possible hydrogen-bonding configurations for
evidence for coordination is not so clear. These clusters 5nn = 4 cluster with one external water (i.e., a so-calledi*3

dissociate by the loss of one or two water molecules at all cluster 1» species). We can imagine three structures with the external
sizes. There is no evidence for a termination point in the yater molecule bridging across two of the inner water molecules,
fragmentation pattern at a specific cluster size like we saw in i, 5 “gouble-donor” (DD) hydrogen-bonding configuration, a
the CQ and acetylene cluster systems with"NThis is most  «joypje-acceptor” (AA) configuration, or a “single-donor/single-
likely because the bonding energies in these water clusters aré;cceptor” (AD) configuration. However, we have investigated
still significant in the second a.nd outer layers-@ hlydrogen these with theory, and find that none of these bridging structures
bonds at about 5 kcal/mol each; S kcal/molL 750 cnm), while produce stable minima. Instead, we find that a structure with
the van der Waals bonding in the outer layers of (€i0)n the one external molecule in a dangling single-acceptor hydrogen-
and Nif(CzHz)n clusters was much weaker, allowing multiple  poning configuration is the only stable configuration for this
ligands to be eliminated from each IR photon absorbed. The gpecies. Figure 5 also shows the comparison of the spectrum
first evidence for second-sphere water comes from the appear-c|cylated for this 3+ 1 species to the experimental measure-
ance of the broad, red-shifted vibrational band in the spectrum yant Such a structure yields a single kind of hydrogen bond
of then = 4 cluster at 3180 crt (see the red arrow in Figure ith a resonance predicted at 3292 dmiThis is only slightly

4). As noted before, hydrogen bonding causes such red shiftsyigher than the measured band at 3180 £rve can therefore

in the O—H stretching vibrations, and the occurrence of a band ynclude that the spectrum for the= 4 complex provides good

in this frequency region is good evidence that there is hydrogen ayigence for the presence of af31 structure in this single-
bonding in at least some of the clusters at this size, requiring at 5cceptor configuration.

(68) Cotton, F. A.; Wilkinson, G. WAdvanced Inorganic Chemistrywiley: Itis important to notg th_at the=4 spectrum does_not re_qUIre
New York, 1988. all of the complexes this size to have such-& 3 configuration.
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Isomers in cluster growth have been seen for all the metal
water species studied previously, and the coexistence of isomers
is also likely here. Because the previous work in our laboratory
found a strong propensity for Nio have a coordination number

of four, it is expected that at least some of the= 4 species
have all the water molecules attached directly to the metal.

However, as shown in Table 2, thet31 and the four-coordinate 2200 3000 3300 3400 3600 3800 4000
isomers for Ni'(H,0), are calculated to have virtually the same .

overall binding energies. The resonances for both species would "d\, /d“‘\ _

overlap in the G-H stretching region. The hydrogen-bonding )?/Q\?./Ou

resonance at 3292 crhis calculated to have higher IR intensity
than bands in the free OH region. Likewise, the spectrum of

the 3+ 1 species may appear more intense in these photodis- 29'00 3000 3200 34'00 3600 38'00 4000
sociation spectra because such isomers have a more weakly
bound external molecule and are easier to photodissociate. The — @o— -FJ\O/G-"d.,
spectrum is therefore completely consistent with the presence
of both the 3+ 1 and four-coordinate isomers for tine= 4 «P/ e
complex. However, the hydrogen-bonding band indicates that ——
at least some of the clusters this size have at least one molecule 2800 3000 3200 3400 3600 3800 4000
in the second sphere, and we presume that these are-the 3 N $
species found by theoryn = 4 is the smallest cluster that Ny
provides any evidence for water in the second sphere. I

Theory suggests that the three-coordinate and four-coordinate 209~ ;\J‘k
species are comparable energetically, and the spectra are ——
consistent with the presence of both of these in this experiment 2800 3000 3200 3400 3600 3800 4000
for the clustering of water around NiThis behavior is quite em’!
different from the clustering of C©or acetylene around Nij Figure 6. Experimental spectrum for the= 5 cluster compared to those

which we have studied previou§§ﬂ.43 In those experiments, calculated for different isomeric structures. The structures predicted are
there was a sharp preference for a coordination of four, and Shown as insets.
there was no evidence at all for a coordination of three. These

trentjs are ynderst.an.dable on .the basis of ,the ligand sizes an%tructure in this lower frequency region suggests the presence
the ligand-ligand binding energies that contribute to the overall of more than one hydrogen-bonding configuration. If we recall

stability of these clustt(ajrsh ng?ndsf_such a}sﬁmd aC((ejterne_ that the 3+ 1 and four-coordinate isomers for the {{H,0),
are more_lcclrkr]wpact ?n ; d?jr'ﬁ ore” It sEatlathy around a ::atlor; complex have virtually the same calculated energy, it is then
Imoredet?a yd tarl water. h fiona yt W e? i etfe 'St atnhex erna” reasonable to consider botht32 and 4+ 1 isomeric structures
I?at:]'l't oufnth 0 ||nnetr-sg ere (;nes, 'tshcolf‘ ;riu |ond (E). glovera for the Nit(H20)s complex. We have investigated these with
stability ot the cluster depends on the ligaf nj;_an inding theory, as presented in Table 2 and Figure 6. As indicated, we
energy. I we use the molecular dlmerlb;g\dmg energies to have found stable structures for a+4 1 complex with the
?jﬂrgg t(?r:rhll;bgqea;lslgnisc;oIro%v(g:?r?:ncgat) foﬁrxa?gfiﬁgge external molecule in an “AA” configuration, bridging two inner-

e . sphere molecules, and for two differentt32 structures. One
cm1).51-54 A second-sphere water molecule is then much more

of these 3+ 2 structures €; symmetry) has the two external

strongly bound than a second-sphere,@Dacetylene, and it water molecules accepting a hydrogen bond from two separate
is understandable that structures with external water could be. pting ydrog P

. . inner-sphere molecules, while the oth€g,(symmetry) has both
energetically more favored at smaller cluster sizes. lwata has - . : )

: . L . . external molecules in an accepting configuration from the same
found evidence for low cation coordination numbers in previous

calculations on M(H,0)s for magnesium and aluminufand inner-sphere molecule. The energy ordering of these is (lowest

Nishi and co-workers have recently found spectroscopic evi- = h|ghest) 4t1,3+2 (C.:l)' and 3+ 2 (Cz.). The hydrogen-
. bonding resonance predicted for the-4l species lies at 3516
dence for this in these systerifs.

Then — h h | h cm1, in good agreement with the measured band at 3520.cm

h en —f5 spktlactr_urz asa mu?l’h mfore coorgpbexg)attem than tpe 342 (Cy) species has two predicted resonances at 3258
that seen for the = 4 species. The free ands occur al and 3335 cm?, in reasonable agreement with bands measured
roughly' 3630 and 3705 cm, .and thgre are threg noticeable at 3195 and 3357 cm. However, the bands predicted for the
bumps in the hydrogen-bonding region at approximately 3195, o, 4 (C2,) species at 3395 and 3442 chare not close to any

3‘3;57 tant?\ 3520 crt. A? beforeci reﬁonancets mTtrTIS rgg_ltqn of the bands measured. Although the resonances are broad and
incicate the presence or second-sphere water. The addl Ionakhere is considerable uncertainty about this, it is clear that no
(69) Bukowski, R.; Sadlez, J.; Jeziorski, B.; Jankowski, P.; Szalewicz, K.; single one of the ]ow-lylng isomers can explain all th.e measured
Kucharski, S. A.; Williams, H. L.; Rice, B. MJ. Chem. Phys1999 11Q bands. It seems likely that both thet41 and 3+ 2 (Cy) isomers
3785. IR
(70) Alberts, I. L: Rowlands, T. W.: Handy, N. G. Chem. Phys1988 88, are p'resent, and we cannot ru!e out some contrlb_utloq from other
11, . _ species such as thei32 (Cy,) isomer. Thus, multiple isomers
(71) (a) Fischer, G.; Miller, R. E.; Vohralik, P. F.; Watts, R.D.Chem. Phys. are necessary to explain the= 5 spectrum, and we can

1985 83, 1471. (b) Miller, R. E.; Vohralik, P. F.; Watts, R. Q. Chem. . .
Phys.1984 80, 5453. anticipate that the same will be true for all the larger clusters.
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Ni+(H2())n closely spaced doublet. By = 7 and beyond, this doublet is
clearly resolved and prominent. In the hydrogen-bonding region,
the single peak ah = 4 (3180 cnt?) evolves for then = 5

n=10 spectrum into peaks at roughly 3195, 3357, and 3520cm
Then = 6 spectrum has bands at roughly the same positions as
the 3357 and 3520 cm features seen fan = 5, but the more
strongly red-shifted feature for= 5 at 3195 cm? has dropped

e " e noticeably in relative intensity. Far = 7 and larger clusters,
this band is only present as part of a sloping background. Larger
clusters have the hydrogen-bonding signal just in the region of
3400-3600 cnr?.

n=§8
T These general observations are understandable in the context
of a growing and more highly connected hydrogen-bonding
network around the metal cation. It is easy to see why the
\,.,Bw=7 . symmetric stretch band recedes in importance relative to the
asymmetric stretch. For a water molecule to contribute to the
2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 asymmetric stretch, it can have either just one or both OH groups
em! freely vibrating, while a symmetric stretch requires that both
Figure 7. IR photodissociation spectra of the\iH,0), complexes fon hydrogens are unhindered. As the hydrogen-bonding network
= 7-10. grows, fewer water molecules have both hydrogens free, and

there are fewer oscillators that can contribute at the symmetric
stretch frequency. A similar argument explains the spectra in

the hydrogen-bonding region. We can recall from the discussion
of Figure 6 that the most red-shifted bands here are those
associated with “dangling” water molecules connected via only

one hydrogen bond, while the less red-shifted bands are
associated with more highly connected hydrogen-bonded spe-
d cies. As the network grows, there are more molecules that have

resonances that are also close to the ones for thd 4tructure.  higher connectivity, and the hydrogen-bonding resonances in

This is in contrast to thed;) 3 + 2 structure, which has a more the 3400-3600 cn* region become more likely.
open structure with separated hydrogen bonds and lower Another interesting feature of the spectra in thes 4-10
hydrogen-bonding frequencies. This suggests that hydrogensize range is the emergence of the doublet from the 3700 cm
bonds in more highly connected structures will occur in general asymmetric stretch band. This same kind of doublet behavior
at higher frequencies than those in structures with dangling waterfor this band has been described and discussed in our®work
molecules. Chang and co-workers found a similar trend in their and that of othef$"58 on protonated water clusters. Because
study of protonated water clustegs:i this resonance occurs near 3700 émboth of the doublet
Both Figures 5 and 6 show that there is multiplet structure members must arise from molecules that have at least one free
predicted in the region of the free OH stretches (both symmetric OH oscillator. However, as described in the previous work, the
and asymmetric). This occurs for structures that have different resonance of the free OH band can be affected by the secondary
water molecules that are coordinated directly to the metal versusconnectivity of the water molecules. In the discussion above
those in the second coordination layer. Because the binding sitefor smaller clusters, this was noted to occur when there were
for these molecules are different, it is understandable that metal-bound versus hydrogen-bonded water molecules present.
inductive effects could lead to their having slightly different Here, a similar effect can be seen for different kinds of
OH stretching frequencies. We describe below how a similar hydrogen-bonding environments. Some water molecules are
effect leads to a well-defined doublet for the asymmetric stretch partially connected in the network, having one hydrogen
in larger clusters that have only outer-sphere binding. involved as a donor to another water and one lone pair accepting
Figures 4 and 7 show the continuing evolution of the spectra a hydrogen bond from another water (i.e., an “AD” configura-
as the cluster size increases beyone 5 up ton = 10. The tion). Other waters are more fully connected, donating one
positions of bands in these and all the other spectra are givenhydrogen and accepting two protons from two other waters (i.e.,
in Table 3. In all of these spectra, there are still resonant featuresan “AAD” configuration). These “two-coordinate” and “three-
in the region of the free OH and hydrogen-bonded stretches, coordinate” water molecules, respectively, feel slightly different
but the relative intensities and the profiles of the spectra in theseinductive forces from their connectivity, and their free OH
regions vary gradually with cluster size. In the free OH region, vibrations then have slightly different frequencies. As in the
the small clusters have a sharper, more intense band near 360protonated water systems, the more highly connected AAD
cm~1 associated with the symmetric stretch, while the 3700'cm  water molecules are assigned to have the resonance at the lower
band associated with the asymmetric stretch is broader and les$requency and the two-coordinate AD species give rise to the
intense. In then = 4—6 range, this intensity pattern changes, higher frequency band. In the protonated water clusf?;;5!
as the 3600 cmt feature drops abruptly in intensity, becoming the highly symmetric Fi(H,O),; cluster, which is calculated to
barely noticeable ah = 6. The 3700 cm! band grows and have a nearly icosahedral structure, was shown to have only
becomes sharper, andmt= 5 and 6 it begins to split into a  the lower frequency band, while other clusters smaller or larger

Itis interesting to note that the4 1 structure has the highest
hydrogen-bonding OH stretching frequency, and this corre-
sponds to a hydrogen bond with higher connectivity than in
the other structures. Two water molecules each provide a donor
OH to a single water molecule in a double-acceptor configu-
ration, making a ring structure. Th€4,) 3 + 2 structure has a
single water donating to two acceptors, and it has predicte
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Figure 8. IR photodissociation spectra of the{H,0), complexes fon Ni+(H20)20 —lll— 20cm?!

=11, 14, 17, and 21.

than this had both the AD and AAD bands. This same
assignment seems reasonable to explain this doublet band in | _ . . . . .
the Nit(H.0), complexes. 2700 2900 3100 3300 3500 3700 3900

Figure 8 shows the spectra measured for selected clusters in em!
the higher size range of = 11-21. The other cluster sizes g0 9. A comparison of the spectra measured fol(H;0)zs and Hr-
(not shown) in this same size range have spectra that are(H,0): with that measured for N{H20)a0.
essentially the same as these in appearance. We have measured
spectra over the full frequency range available (265000 the immediate vicinity of the water interface, they pick up
cm™1) for all the clusters (except= 2) up ton = 25. We have resonances from both the free OH bands and hydrogen-bonded
also measured the-€H stretch region for selected larger clusters species. In fact, the present spectra have very nearly the same
(n= 28 and 30). The band positions derived from these spectrarelative intensities in the hydrogen-bonding region versus the
are presented in Table 3. The larger clusters imtke11—-21 free OH region as these interfacial spectra, consistent with the
size range have an appearance similar to that of the smallerfact that most of the molecules in our clusters are in fact residing
clusters, except that the hydrogen-bonding region of the at the watervacuum interface. However, the free OH region
spectrum has less structure on it and the intensity graduallyis a broad single peak in the interfacial spectra; there
peaks closer to 3500 cth As we mentioned above and discuss is insufficient resolution to resolve the doublet structure that
related to Figure 5, this is the region where hydrogen-bonding we see, or to decide if it is present at all in these interfacial
resonances occur when the network is more highly connected.spectra.
It is therefore understandable that the intensity would shift  As noted above, we have recently been involved in similar
toward this as the clusters become larger. All of these clustersstudies on protonated water clusters in this same size fange.
also have the 3700 cri doublet band. As shown in Figure 9, these protonated water clusters have IR

It is natural to consider a comparison of spectra of clusters spectra that are also very much like the ones that we are
in the higher size range to those of other clusters containing measuring here, with both a broad resonance in the hydrogen-
water or those of bulk water systems. The infrared spectrum of honding region peaking near 3500 thand a sharp structure
water itself has been well-known for many ye&ts}* but there near 3700 cm! attributed to the free OH resonances. As
has been much recent interest in the IR spectroscopy of ice filmsdiscussed in our earlier work, the protonated water spectra also
prepared in different ways on different metal or oxide have the same kind of doublet feature seen here near 3709 cm
surfaced2 > However, both the bulk liquid and ice spectra have and it is assigned the same way that we do here to the presence
more intense absorption in the hydrogen-bonding region and of AD and AAD water molecules in the structure. In the case
show little detail in the free OH region. Of more relevance to of the anomalous species'BH,0),;, we found that the 3700
us, recent nonlinear laser spectroscopy methods have employe@m= doublet collapsed to a single sharp peak at the AAD
sum-frequency or difference-frequency spectroscopy for inter- resonance, indicating a cluster with a highly symmetric structure
faces containing watef.’” Because these spectra probe only with all water molecules in essentially the same environment.
This was consistent with calculations for thé (H,0),; cluster

(72) Mate, B.; Medialdea, A.; Moreno, M.; Escribano, R.; Herrero, \J. Phys.
Chem. B2003 107, 11098.

(73) Zelent, B.; Nucci, N. V.; Vanderkooi, J. M. Phys. Chem. 2004 108 (76) (a) Richmond, G. LAnnu. Re. Phys. Chen2001, 52, 357. (b) Richmond,
11141. G. L. Chem. Re. 2001, 102, 2693.

(74) Daschbach, J. L.; Dohnalek, Z.; Liu, S.-R.; Smith, R. S.; Kay, BJD. (77) Mucha, M.; Frigato, T.; Levering, L. M.; Allen, H. C.; Tobias, D. J.; Dang,
Phys. Chem. 005 109, 10362. L. X.; Jungwirth, P.J. Phys. Chem. B005 109, 7617.

(75) Hawkins, S.; Kumi, G.; Malyk, S.; Reisler, H.; Wittig, ©hem. Phys. (78) Jiang, J.-C.; Wang, Y.-S.; Chang, H.-C.; Lin, S. H.; Lee, Y. T.; Niedner-
Lett. 2005 404, 19. Schatteburg, G.; Chang, H.-G. Am. Chem. So200Q 122 1398.
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which indicate that there are many closely related isomers having Another interesting aspect of the 3700 ¢hdoublet feature
near-icosahedral structures, such as the clathrate structures founi its behavior in these N{H,O), clusters compared to the

in natureSt Additionally, a somewhat sharp additional resonance corresponding protonated water clust&r$his comparison is
was seen to emerge from the hydrogen-bonding region, centeredshown in Figure 9. As indicated in these representative spectra,
at 3550 cml. This was assigned to hydrogen-bonding species the doublet spacing is not the same for the (Mi,O), versus

in five-membered rings on the basis of the previous conclusions H"(HO), clusters. Although there are small variations with size,
of Chang and co-workers for the smaller protonated water the doublet spacings in the protonated water clusters in the size
clusters®™ Interestingly, the present NjH.O), clusters never  range nean = 20 are all in the neighborhood of 24 ctpwhile

have a single peak in the free OH region but rather always havethose for Ni(H20), in this same size range are more like 20
the doublet structure here. Likewise, the spectra of the- Ni  cm L This is a small difference, but it is within our experimental
(H20), clusters do not ever have any resonance near 3550 cm resolution. It implies that the inductive forces caused by the
like that associated with five-membered rings in the protonated cation in these clusters can be felt to different degrees when
water species. We therefore conclude that thg{NiO), clusters the cation is a proton versus Nilf we could study much larger

do not have the same kind of high-symmetry structures in which clusters, there would presumably be a size for which the identity
all or nearly all molecules occupy the same positions in five- of the cation would no longer be apparent and the-AtAD
membered rings. This makes sense on the basis of the coordinadoublet spacing would converge to an as yet unmeasured “bulk”
tion of Ni* in these clusters. As we have already shown in value.

Figures 5 and 6, Niprefers to have a coordination of three or
four water molecules in the small clusters, and it is reasonable

to assume that structures such as these form the core of the \ya have reported a study of the solvation processes repre-

larger glusters. With SU(.:h. a coordination at thg core of the gonieq by Ni(HO), clusters. Size-selected infrared photodis-
cluster, it would be very difficult for hydrogen-bonding networks ¢ ciation spectroscopy, supplemented by density functional

to form that result in the overall 5-fold symmetry found for the 041y calculations, monitors the kind of infrared oscillators
protonated water species. It is more likely that there are a yregent in these systems and how they evolve with cluster size.
number of related clusters with more varied isomeric structures. |, the smallest clusters, water molecules are coordinated directly
Essentially, the ensemble average of these structures may bg, he metal cation and the free OH stretches are shifted to lower
more representative of amorphous water. If this logic is correct, frequencies because of the resulting polarization of bonding
then it wo.uld be .very.interesting to.stut'JIy water clustering ground molecular orbitals on water. Beginning at the cluster siza of
metal cations with d|ﬁereqt coordination nur_nbers (e.g., fiveor — 4, there is evidence for hydrogen bonding, and this grows
six) where more symmetric hydrogen-bonding networks could anq hecomes more important in the larger clusters. Because of
form. the formation of the hydrogen-bonding network, the symmetric
A final interesting aspect of these spectra is the value of the stretching mode seen in the free OH region loses intensity in
spacing between the asymmetric stretch doublet at 3700.cm  the cluster size range of= 6—8. By n = 10, the asymmetric
The spacing between these doublet bands is not constant forstretch resonance becomes the signature of those water mol-
different cluster sizes. As can be seen from the band position ecules with one free OH remaining. This free OH resonance
entries in Table 3, the spacing is approximately-25 cnt?! splits into a doublet caused by the different inductive forces
when it first emerges in the smaller clusters, but this decreasespresent for two-coordinate versus three-coordinate water mol-
gradually, becoming more like 20 crhin the largest clusters.  ecules. In the largest clusters studied, there is a broad region of
Such a decrease in this spacing is understandable, because hydrogen-bonding signal and the closely spaced free OH
represents the difference in the environment of AD versus AAD doublet. These spectra have strong similarities to the IR spectra
water molecules, and this difference should become smaller asmeasured previously for protonated water clusters or for water
molecules are located on the surface of the cluster away frommolecules at the liquigair interface. A comparison of Ni
the metal cation. Early models of metal cation solvation describe (H.O), and Hf(H20), molecules in the size range near=
the different spheres of coordination around a central metal 20 shows that the nickel systems do not attain high-symmetry
cation and how the solvent molecules experience a polarizationstructures like those reported for protonated water clusters. This
or charge inductive effect in their electronic structure, either is presumably because the coordination of singly charged
through direct contact with the metal or through the hydrogen- Nit at the core of these clusters is three or four water molecules,
bonding network. This polarization diminishes as water mol- and this does not provide a good template for 5-fold symmetric
ecules are in the second or subsequent solvation spheresgrowth like that seen for protonated water. Additionally, the
The solvation spheres in our clusters will vary depending on doublet spacing at the free OH resonance is not the same in
the exact structures that these species have. However, if wethe nickel cation versus protonated water clusters. The in-
assume that the immediate coordination around the cation isduction forces running through these clusters are still strong
three or four molecules, then the larger clusters that we study enough in this size region so that the cation identity makes a
(n = 20—25) must have mostly second-sphere molecules, and difference.
they probably have some water twice-removed from the metal This is the most extensive spectroscopic study yet on the
in a partially formed third sphere. It is understandable then solvation processes in metal catiewater clusters. Future
that the doublet spacing of the asymmetric stretch, which studies are warranted on other metals with different coordination
is one manifestation of the overall inductive interactions numbers and different charge states to test the ideas suggested
in these clusters, should become smaller as the cluster sizehere. Likewise, more sophisticated theory is needed to test the
grows. various isomeric structures that are possible in the larger clusters

Conclusion
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and to investigate the inductive forces running though these the various Ni(H>0), complexesif = 1—5) and their corre-
hydrogen-bonding networks. sponding argon-tagged analogues (these data includes structures,
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