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is expected that many more isomers are generated in the ion source, and thus provide an even more 207 

complete sampling of the environments available to water molecules embedded in an extended network.  208 

II.B. Survey of the site-dependent spectral patterns displayed by a single H2O molecule embedded in 209 

three-dimensional H-bonded cages 210 

 Isotopomer-selective spectra were obtained using a two-color, IR-IR photobleaching variation in 211 

tandem photofragmentation mass spectrometry described in detail in ref. 8. Briefly, a particular 212 

isotopomer with composition M+·(H2O)(D2O)n is mass selected for interaction with a probe laser with its 213 

frequency fixed on a transition associated with one of its isotopomers. The photofragment from the probe 214 

laser is monitored continuously to record the population in the isotopomer selected according to the 215 

carrier of the band to which it is tuned. Prior to this interaction, a powerful photobleaching laser intercepts 216 

the same ion packet and removes the population of each isotopomer as it is scanned across the entire 217 

spectrum.  Hence all bands associated with the two OH groups on the site occupied by the single H2O 218 

molecule then appear as downward going features (dips) according the population depletions driven by 219 

the bleach laser as it scanned across the spectrum. 220 

  Figure 4 presents a summary of a large data set collected using the six cations and various water 221 

cluster sizes, which were selected to illustrate the different (persistent) patterns associated with the 222 

various site types. The entire set is included in Fig. S1. These patterns were obtained by scanning the 223 

bleach laser while fixing a probe laser at the locations of the downward arrows.  The most difficult site to 224 

reveal is the AADD because it does not have a unique spectral feature in the high energy region, and the 225 

samples presented in Fig. 4H required deconvolution as described in detail in section S.II of the SI.  226 

 An interesting feature of the patterns displayed in Fig. 4 is that they are quite simple, mostly 227 

consisting of two features as would be expected for the two OH stretching fundamentals on a water 228 

molecule at the harmonic level. The only exception is the “extra” band (turquoise in Fig. 4C and 4H) that 229 

appears around 3200 cm-1. This feature arises from a Fermi-resonance interaction between the overtone of 230 

the HOH bending mode and OH stretching fundamentals that are red-shifted into resonance with the bend 231 

overtone.10, 27 The simplicity of these patterns (compared to the complex spectra of the homogeneous 232 

isotopomers in Fig. 2) is important because it demonstrates that the spectral signatures of the embedded 233 

water molecules are not complicated by the presence of combination bands with soft modes. Such 234 

complications are known to arise from surprisingly strong electrical and mechanical anharmonicities in 235 

smaller water cluster ion systems.8, 28-30 The widths of the bands, on the other hand,  appear to 236 

systematically increase with red-shift, an effect noted earlier in the case of the isolated OH groups in 237 

spectra obtained by incorporation of a single HOD molecule in the 20 water molecule cages.31    238 

 The site-specific band patterns (Fig. 4) provide a remarkably clear picture of how the local H-239 

bonding configuration drives the qualitative trends in the embedded band patterns (Fig. 2). We begin with 240 

the simple doublet pattern associated a single acceptor water molecule (‘A’ in Fig.1) attached to an OH 241 

group such that both of its OH groups are free (Fig. 4E). These two bands are the fundamentals of the 242 

symmetric (𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠) and antisymmetric (𝜈𝜈𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠) OH stretching normal modes, which lie very close to the 243 

origins of those found in the bare water molecule (gray downward arrows in Fig. 4E). If one adopts a 244 

local OH mode perspective, the ~100 cm-1 spacing between these bands can be viewed as the coupling 245 
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(Fig. 4G and 4H), which is the behavior expected for cooperative H-bonding in which accepting a second 250 

H-bond enhances the first). Notice, however, that the broad 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑏𝑏  feature does not appear as a doublet, 251 

suggesting that the second acceptor H-bond suppresses the coupling between the OH groups. 252 

Interestingly, Skinner and co-workers32 considered this intramolecular coupling in simulations of 253 

condensed phase water and ice and concluded that the coupling matrix element is indeed reduced in the 254 

fully coordinated environment. Although the signal-to-noise in the AADD spectra is somewhat degraded, 255 

the trace in Fig. 4H suggests that the Fermi resonance with the bend overtone is retained, a provocative 256 

observation that warrants further investigation beyond the scope of this work.  257 

 The traces progressing upward from Fig. 4E display the trends associated with retention of one 258 

free OH group while donating an H-bond with its partner OH group, and sequentially adding acceptor 259 

groups. The formation of one donor bond to the A site creates the AD site (Fig. 4D), which results in a 260 

~200 cm-1 red shift in the 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝑏𝑏  stretch as expected. Note that the 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  band also red-shifts, and moves  261 

toward the 3705 cm-1 centroid of the normal modes in a free water molecule (the same frequency as the 262 

OH stretch in isolated HOD).33 The latter shift occurs because the coupling between the two groups is 263 

suppressed when the separation between the two bands is significantly larger than the intrinsic coupling 264 

matrix element (~50 cm-1). Although the red-shifted 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴 
𝑏𝑏 fundamental is broadened (from 10 to 35 cm-1) 265 

in keeping with expected H-bond behavior, it does not exhibit the intensity enhancement that is typical for 266 

H-bonds in binary systems.34 When the AD site accepts another bond to form the AAD site, the 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 267 

transition falls closer to the decoupled OH stretch in HOD, and its companion 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝐴𝐴𝑏𝑏  transition further 268 

red-shifts by 200-400 cm-1 (Δνcoop in Fig. 4C, D) as it broadens and gains intensity.  269 

 Finally, the survey in Fig. 4 also reveals the consequence of converting an AD site (Fig. 4D) into 270 

an ADD site (Fig. 4F) by forming a second donor bond. This blue shifts 𝜈𝜈𝐴𝐴𝐴𝐴𝑏𝑏  by about 50 cm-1 (Δνanti 271 

between Fig. 4D and 4F) toward the centroid of the doublet in the 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝐴𝐴𝑏𝑏  pattern, indicating a weakening 272 

or anticooperative interaction between the two bound OH groups. A similar effect is observed in the case 273 

of transforming AAD into AADD (Fig. 4B and 4H).   274 

II.C Frequency ranges explored by the A, AD, ADD and AAD sites 275 

Figure 5 compares the frequency ranges associated with each binding class, which are displayed 276 

along with the predicted contributions to the spectrum of the air-water interface (solid curves above 277 

experimental spectra in Fig. 5). 1, 22  278 

         The frequency range displayed by the A sites is readily available because the 𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠 and 𝜈𝜈𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠  bands 279 

are easily identified in the linear absorption spectrum. To sample the range available to the A sites, 280 

however, we note that these only occur in minimum energy structures at smaller cluster sizes. In general, 281 

the free OH frequency has been correlated with the local electric field at the surface,34-36 such that the 282 

centroid of the 𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠 and 𝜈𝜈𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠 doublet red-shifts as the two bands come closer together. Several 283 

examples demonstrating this effect are included in Fig. 5A in which H2O is attached to a water molecule, 284 

a hydronium ion, a proton, Mn+ and Mn2+ (Fig. 5A2-A6, respectively)35. Note that the intensity of the two 285 

bands also inverts in a strong electric field such that the lower energy 𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠 band is dominant upon 286 

attachment to a +2 charged ion. The calculated range at the interface samples much of this range, but 287 

likely does so because of large amplitude dispacements driven by thermal fluctuations, which bring the 288 

nominally free OH groups closer to H-bond acceptors on the surface. Part of this effect can also be 289 
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 It is more difficult to determine the spectral range of the ADD sites because they do not have a 335 

feature common to all of the variations available in the clusters, as do the A and AD sites. Nonetheless, 336 

the range in the patterns could be established by probing many frequencies in the 3400-3600 cm-1 region 337 

where the activity from the ADD site was observed in the previous study of Cs+·(H2O)20.
10 Because the 338 

cage in  Cs+·(H2O)20 is the most symmetrical of the PD series, we extended these measurements to the 339 

CH3NH3
+, Li+, and Na+ systems. The results are displayed along with the earlier Cs+ spectra in Fig. 5. 340 

Interestingly, all of the activity in the 3400-3600 cm-1 range not associated with AD bands appears as a 341 

doublet with about same splitting and intensity distribution such that the higher energy member 342 

dominates the lower feature by about a factor of two. The doublet splitting and intensity distribution are 343 

quite similar in all cases except the Na+ spectrum (Fig. 5D), which appears broader than those below and 344 

above it - an effect likely due to overlapping bands. Note that the range of simulated ADD behavior at the 345 

interface (top trace) encompasses that observed experimentally. The fact that these heterogeneous 346 

contributions to the spectrum in the 3500 cm-1 region occur with similar shapes is surprising and 347 

significant. The center frequency of the doublet motif appears to be simply displaced across the predicted 348 

region. The issue of whether the ADD doublet arises from the coupling between the OH oscillators when 349 

a water molecule is embedded in a network is important, as it involves the question of whether the 350 

localized oscillators are degenerate in that binding site (for example using HDO). The observation that the 351 

centroid of the doublet motif evolves over 100 cm-1, about the same energy as the splitting between the 352 

peaks, while maintaining a similar intensity profile suggests that this splitting is indeed mostly due to the 353 

coupling, as opposed to “diagonal disorder” in the local force constants.2 354 

III. Qualitative interpretation of trends and theoretical analysis of the network topologies that drive the 355 

local OH frequencies of embedded water molecules: Contributions from the second hydration shell and 356 

beyond 357 

 The general trend in the OH frequencies of the AD and AAD sites is revealed to be 𝜈𝜈𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 >358 

 𝜈𝜈𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
> 𝜈𝜈𝐴𝐴𝐴𝐴𝑏𝑏 > 𝜈𝜈𝐴𝐴𝐴𝐴𝐴𝐴𝑏𝑏 . Qualitatively, we can rationalize this behavior as reflecting the decrease in the 359 

effective force constants of both the OH groups when a water molecule accepts a hydrogen bond. When 360 

the water molecule has a 𝑂𝑂𝑂𝑂𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  group, its 𝑂𝑂𝑂𝑂𝑏𝑏  frequency is lowered incrementally with the number of 361 

H-bonds it accepts. This general trend is also displayed when H2O binds to metal cations: the presence of 362 

positive charge that attracts the electrons on oxygen weakens the bonds to the hydrogen atoms, effectively 363 

pushing the positively charged protons away. At the extreme, we note that the OH stretches in H2O
+ are 364 

~500 cm-1 lower than those in H2O, 37-38 reflecting the connection between the effective force constant and 365 

the electron density around the OH bond. Characterization of the H-bonding strength in the context of 366 

partial charge transfer has been discussed at length in the context of the isomers formed by the neutral 367 

water hexamer.5, 39 What accounts for the large frequency ranges exhibited by the AAD and AADD sites, 368 

given that they all share the same local coordination arrangement? One correlation that accounts for long 369 

range interactions is the dependence of the 𝑂𝑂𝑂𝑂 
𝑏𝑏 frequencies on the net local electric field at the bond 370 

center.2, 36 Skinner and Ohno 3, 5 have developed schemes to classify this dependence according to the 371 

local network topology. Those maps were generated by exploiting experimental results on the frequencies 372 

of the neutral water hexamer to calibrate the methods, and then use these calculations to follow how they 373 

are modified in the various isomeric forms. In the scheme reported by Ohno,3 the index, M, is defined as: 374 

 M = -d’+a’+d”-a”      [1] 375 

where d’ (0 or 1) and a’ (0, 1 or 2) denote the number of additional donor (d’) and acceptor (a’) H-bonds 376 

engaged by the molecule with the 𝑂𝑂𝑂𝑂 
𝑏𝑏 group (gray dashed bonds on the structures in Fig.6A). Similarly, 377 

d” (0,1, or 2) and a” (0 or 1) labels the number of additional donor and acceptor H-bonds on the water  378 
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bond is formed, we expect an increase in electron density (𝛿𝛿𝐻𝐻𝐻𝐻)  between the hydrogen atom in the 474 

donating water molecule and the oxygen atom in the accepting water molecule along with a decrease in 475 

electron density (𝛿𝛿𝑂𝑂𝐻𝐻) in the region of the OH bond in the donating water molecule.  We explored 476 

changes to the electron density in these two regions as the strength of the hydrogen bond is tuned through 477 

the environments of the donor and acceptor water molecules. We applied this procedure to follow changes 478 

in the electronic structure when a water dimer is embedded in a solvation shell of zero to six water 479 

molecules (up to three on the open coordination sites on each water). Details are included in the 480 

supporting materials. Based on the results for the analysis of these model systems, we characterize 481 

changes in the electron density (𝛿𝛿𝑓𝑓) in terms of the differences in the integrated electron density in the 482 

hydrogen bond region (𝛿𝛿𝐻𝐻𝐻𝐻) and along the OH bond that donates into the hydrogen bond (𝛿𝛿𝑂𝑂𝐻𝐻) when 483 

additional water molecules are allowed to form a hydrogen bonding network with the hydrogen bonding 484 

pair of water molecules of interest. This analysis is applied to each of the hydrogen bonds in the 485 

Cs+·(H2O)20 pentagonal dodecahedron structure where the other eighteen water molecules provide the 486 

additional hydrogen bonding network. Specifically, electron density changes are calculated by taking 487 

difference between the electron density in the hydrogen bonding region when the pair of water molecules 488 

is incorporated in the (H2O)20 cage relative to the electron density of the isolated dimer.  The structures of 489 

the donor/acceptor pair of water molecules are the same for both calculations.  The effect of the 490 

environment on the strength of the hydrogen bond of interest is thus captured by 𝛿𝛿𝑓𝑓 =  𝛿𝛿𝐻𝐻𝐻𝐻 − 𝛿𝛿𝑂𝑂𝐻𝐻.  491 

Structures where the solvation environment leads to a stronger hydrogen bond (and hence lower 492 

frequency) will have 𝛿𝛿𝐻𝐻𝐻𝐻 > 0 and 𝛿𝛿𝑂𝑂𝐻𝐻 < 0, making 𝛿𝛿𝑓𝑓 positive. 493 

In Fig. 8, we plot the harmonic 𝑂𝑂𝑂𝑂𝑏𝑏 frequencies of all hydrogen-bonded OH stretches in 5 low 494 

energy isomers of Cs+·(H2O)(D2O)19 as a function of 𝛿𝛿𝑓𝑓.  The colors are used to differentiate the types of 495 

water molecules involved in these hydrogen bonds. As expected from the above discussion, the red shift 496 

of the hydrogen-bonded OH bond increases with electron density in the hydrogen-bonding region. We 497 

can further explore these effects by identifying the second solvation shell environment for the hydrogen 498 

bonds formed between AAD and ADD water molecules (shown in red). The OH bonds with the lowest 499 

frequency (and highest electron density in the hydrogen-bonding region) are those for which the acceptor 500 

water molecule is donating to an ADD and an AAD water molecule. The higher frequency 𝑂𝑂𝑂𝑂𝑏𝑏 groups 501 

donate to two AAD water molecules. As discussed above, and seen in Fig. 8, hydrogen bonds to ADD 502 

water molecules are stronger (lower frequency) than ones to AAD water molecules when the donor 503 

molecule is in the same environment. 504 

IV. Summary 505 

 We have isolated the intrinsic spectral signatures of the OH stretching motions on a single water 506 

molecule embedded at various sites within the water cage structures that assemble around atomic and 507 

molecular cations. This is accomplished using an isotopic labeling scheme in which a single intact H2O 508 

molecule is incorporated into an otherwise perdeuterated cage. The site-specific spectra are then extracted 509 

by carrying out two-color, IR-IR photobleaching in an isotopomer-selective mode. The specific patterns 510 

recovered with this approach are quite simple, generally consisting of one to three localized absorptions 511 

arising from the two correlated fundamentals on the OH groups of the same water molecule. The only 512 

complication to this pattern is the appearance of a third band when the red-shifted OH bands fall near the 513 

overtone of the HOH intramolecular bending vibration at ~3200 cm-1.  Different characteristic patterns are 514 

observed for the five binding sites in play at the air-water interface, which differ according to the number 515 

of donor and acceptor H-bonds: A, AD, AAD, ADD, and AADD. Although the patterns are preserved in 516 

many systems, the frequency ranges over which they appear depend strongly on the site type, with the 517 

largest excursions displayed by the sites that yield larger red-shifts (i.e, AAD > AADD > ADD > AD > 518 
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A). The simple doublet structure of isolated water arising from the symmetric and antisymmetric OH 519 

stretch normal modes is preserved in the ADD sites but with a splitting reduced by about 20%. The 520 

AADD sites are the most difficult to characterize because they are embedded in overlapping band 521 

structures. Deconvolution yields a single, broadened feature, suggesting suppression of the coupling 522 

between the OH group. These results provide a diverse learning set with which to construct extended 523 

frequency maps that describe how the IR fundamental of an embedded OH oscillator depends on the 524 

topology of the extended water network, and does so in systems that can be treated with accurate 525 

theoretical methods.48-51 526 
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