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We report infrared multiple photon dissociation (IRMPD) spectra of cryogenically-cooled H2PO4¯(H2O)n anions (n = 2-12) in 

the spectral range of the stretching and bending modes of the solute anion (600-1800 cm-1). The spectra cannot be fully 

understood using the standard technique of comparison to harmonic spectra of minimum-energy structures; a satisfactory 

assignment requires considering anharmonic effects as well as entropy-driven hydrogen bond network fluctuations. Aided 

by finite temperature ab initio molecular dynamics simulations, the observed changes in the position, width and intensity 

of the IRMPD bands with cluster size are related to the sequence of microsolvation. Due to stronger hydrogen bonding to 

the two terminal P=O groups, these are hydrated before the two P-OH groups. By n=6, all four end groups are involved in 

the hydrogen bond network and by n=12, the cluster spectra show similarities to the condensed phase spectrum of 

H2PO4¯(aq). Our results reveal some of the microscopic details concerning the formation of the aqueous solvation 

environment around H2PO4¯, provide ample testing grounds for the design of model solvation potentials for this 

biologically relevant anion, and support a new paradigm for the interpretation of IRMPD spectra of microhydrated ions.

Introduction   

Dihydrogen phosphate, H2PO4¯, is one of the anions in the 

dissociation equilibrium of phosphoric acid dissolved in water.  

It is the dominant anion under weakly acidic conditions.  The 

vibrational spectra of hydrated phosphate ions are of interest 

owing to the presence of phosphate groups in key biological 

species including DNA and RNA, coenzymes, and ATP.3  

Inorganic phosphates are critical in diverse cellular functions 

involving metabolism and energy consumption.4 The 

equilibrium between H2PO4¯ and HPO4
2¯ provides one of the 

two important biological buffer systems that stabilize the pH 

value in cell fluids.  Hydrolysis of phosphates also produces 

phosphate ions as intermediate and biochemical signals,5 

which can then be monitored using vibrational spectroscopy in 

reaction kinetics studies.6-10  Understanding the solvation 

dynamics of hydrated phosphate ions by computer 

simulations1, 11-17 is of fundamental importance to such 

studies, as it provides the basis for the interpretation of 

spectroscopic data.18-24 Such simulations require a detailed 

knowledge of the interaction between phosphate ions and 

water. Here, we gain such molecular level insights into the 

hydration behaviour of dihydrogen phosphate by studying the 

vibrational spectroscopy of size-selected H2PO4¯(H2O)n clusters 

as a function of the number of water molecules.  

 Gas phase mass spectrometry25, 26 and cluster 

spectroscopy27-32  of microhydrated anions provide detailed 

energetic and structural information that is difficult to extract 

from measurement of bulk solutions. Measurements on 

isolated cluster ions are particularly attractive due to their 

size-selectivity and signal sensitivity. Even though the solvation 

environment in microhydrated cluster ions is not identical to 

that in a solution, e.g. there are typically no counter ions, the 

underlying solute-solvent interaction is the same and can be 

studied one water molecule at a time, providing ample testing 

grounds for theoretical modelling. Infrared (IR) 

photodissociation spectroscopy combined with cryogenic ion 

trap technology and the widely tuneable, intense radiation 

from an IR free electron laser represents one of the most 

powerful and generally applicable techniques currently to 

study the structure and stability of microhydrated anions.32-34  
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 In previous studies on microhydrated dihydrogen 

phosphate ions, H2PO4¯(H2O)n, hydration35-37 and electron-

detachment energies38 were determined. Recently, we studied 

the infrared multiple photon dissociation (IRMPD) 

spectroscopy of the simplest member of this series, the 

monohydrated H2PO4¯(H2O),2 from 500 to 4000 cm-1. The 

IRMPD spectrum shows considerable complexity as a result of 

large amplitude motion of the water molecule around the 

solute anion. In the O-H stretching region, strong hydrogen 

bonding between H2PO4¯ and H2O induces significant shifts 

and broadening in the spectral features, while in the 

fingerprint region the spectrum looks simpler than expected. 

These effects could not be fully rationalized using the standard 

harmonic analysis of stationary structures, but required 

performing ab initio molecular dynamics (AIMD) simulations. 

In general, it is becoming increasingly evident that 

consideration of anharmonic and dynamic effects in the 

vibrational spectra of microhydrated clusters, even when the 

clusters are thermalized to cryogenic temperatures, is critical 

for a satisfactory assignment of the vibrational spectra.2, 39-41  

 Anion clusters comprising many water molecules can 

exhibit significant spectral congestion in the O-H stretching 

region. The fingerprint region (500-1800 cm-1) is typically more 

informative, as most fundamental vibrations of molecular 

solute ions fall into this region.32, 33, 42-48 These solute modes 

involve heavier atoms and are often better resolved.  On the 

other hand, these features do change significantly with the 

cluster size, yielding insights into the first steps of hydrogen 

bond (HB) network formation around a molecular anion and 

the underlying solvation interactions. 

 In this paper, we report the IRMPD spectra for the larger 

clusters H2PO4¯(H2O)n, with n = 2-12, in the 600-1800 cm-1 

region.  Size-dependent trends observed in the experimental 

spectra are interpreted using AIMD simulations, overcoming 

the inadequacies of the harmonic analysis. The spectral 

features are often due to the contribution of several isomers 

that can easily transform into one another. In such cases 

entropy becomes an important factor in determining the 

population of these isomers. The shifting and broadening of 

spectral features are understood in the context of HB 

fluctuations. Based on the comparison between AIMD 

simulations and experimental results, a detailed picture for the 

evolution of the microsolvation dynamics is obtained.  In 

particular, we find that the terminal P=O groups on the 

diphosphate anion are hydrated first, but by n=6 all four end 

groups are involved in the HB network. 

Methods 

Experimental setup 

IRMPD experiments are carried out using an ion trap/tandem 

mass spectrometer.44, 45 Briefly, gas-phase ions are 

continuously produced in a commercial Z-spray source from a 

1×10-3 M aqueous solution of phosphoric acid in a 1:1 

water/acetonitrile solvent. A beam of negative ions passes 

through a 4 mm diameter skimmer and is then collimated in a 

radio frequency (RF) decapole ion guide. Parent ions are mass-

selected in a quadrupole mass filter, deflected by 90° in an 

electrostatic quadrupole deflector and focused into a gas-filled 

RF ring-electrode ion-trap. To allow for continuous ion loading 

and ion thermalization, the trap is continuously filled with He 

gas at an ion-trap temperature of 15 K. After filling the trap for 

98 ms, all ions are extracted from the ion trap and focused 

both temporally and spatially into the center of the extraction 

region of an orthogonally mounted linear time-of-flight (TOF) 

mass spectrometer. Here, the ion packet is irradiated with the 

IR laser pulse prior to the application of high-voltage pulses on 

the TOF electrodes and the subsequent measurement of the 

TOF mass spectrum. 

 IR spectra are measured using the radiation from the Free 

Electron Laser for Infrared eXperiments (FELIX)49 at the FOM 

Institute Rijnhuizen (The Netherlands). FELIX is operated at 10 

Hz with a bandwidth of ~0.2% RMS of the central wavelength 

and typical pulse energies of up to 30 mJ. The IRMPD cross 

section σIRMPD is obtained by normalising the frequency-

dependent relative abundances of parent IP(ν) and fragment 

ions IF(ν) to the frequency-dependent laser pulse energy P(ν) 

(assuming a constant interaction area throughout the range of 

scanned wavelengths) using σIRMPD = -ln[IF/(IF + IP)]/P(ν).34 

 

Computational details 

Energy optimization for 0 K structures and the calculation of 

harmonic frequencies are performed with the Gaussian 03 

package.50  Electronic structure is treated by the MP2 method, 

with a large basis set of aug-cc-pVDZ to account for the 

polarizability of hydrated anions.  A scaling factor of 1.0418 is 

used in the region between 600-1800 cm-1.51  Calculated 

harmonic frequencies and intensities are convoluted using a 

Gaussian line shape function with a half-width of 4 cm-1.    
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 In AIMD simulations, the electronic energy and atomic 

forces are obtained within the framework of density functional 

theory, while the atomic motion is treated within Newtonian 

mechanics, as implemented in the CP2K package.52   The wave 

functions are expanded in a double zeta Gaussian basis set, 

while the electron density is expanded in Gaussians and 

auxiliary plane waves (GPW)53 with an energy cut-off at 280 

Rydberg for the electron density.  The atomic cores are 

modeled by the Goedecker-Teter-Hutter (GTH) type 

pseudopotentials.54-56 The exchange and correlation energies 

are calculated by the BLYP functional57, 58, with additional 

Grimme’s dispersion corrections at the D3 level.59  A cluster 

ion is put at the center of a periodic cubic box, and the effects 

of the periodic charge density images are corrected by the 

decoupling technique developed by Martyna and Tuckerman.60 

The box length is 16 Å for n = 2 and 20 Å for n = 4 and 6. The 

convergence criterion for the SCF electronic procedure is set to 

be 10-7 a.u. at each time step.  For molecular dynamics, the 

temperature is controlled by a Nose-Hoover thermostat,61 with 

a time step of 0.5 fs.  An equilibration period of up to 10 ps is 

performed first, with the temperature scaled to an interval of 

20 K around the intended value. A data collection run is then 

followed in the microcanonical ensemble.  At 20 K, when the 

structure is basically frozen around the equilibrium geometry, 

a short run of 10 ps is performed.  At 140 K and 180 K, the 

duration of a trajectory is more than 100 ps.  Each long 

trajectory is then cut into 10 ps interval for Fourier 

transformation and then added up to produce the dipole time-

correlation function (DTCF) spectrum for a specific 

temperature. 

 Hydrated clusters are bound by HBs, which are relatively 

weak and therefore fairly flexible at finite temperature. 

Dynamic simulations are essential for sampling the solvation 

structures and for examining the thermal stability of a 

particular structure. More importantly, the fluctuations of HBs 

have strong effects on the vibrations that can be captured by 

AIMD simulations. A vibrational spectrum can be directly 

simulated by the Fourier transform of the DTCF,62 
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where ! � 1/$%,  &��� is the refractive index, c the speed of 

light in vacuum, and V the volume.  ����� is the total dipole 

moment of the system, calculated by the polarization including 

both ionic and electronic contributions. 

Results and Discussion 

Experimental IRMPD spectra 

The IRMPD spectra of H2PO4¯(H2O)n for n = 0-12 are shown in 

Fig. 1 in the spectral region between 600 and 1800 cm-1. Band 

positions and assignments are listed in Table 1. For 

convenience, we adopt the same labelling, i.e. capital letters 

(G-M), as in our previous study on the n = 0 and n = 1 species.2 

Overall, at least eight unique absorption features are 

identified, of which six (G-L) have been previously observed in 

the n = 1 spectrum (see Fig. 1) and assigned to modes of the 

solute ion (H-L) and the solvent molecules (G). The intensity, 

position and width of these bands depend on the cluster size. 

  Band G, centered between 1660 and 1680 cm-1, 

corresponds to the water bending modes δ(H2O).2 For the 

smaller clusters (n ≤ 6), its relative intensity increases with n, 

as expected, while its position remains nearly unchanged.  Its 

width, over 50 cm-1, is large even at n = 1, and remains similar 

up to n = 12. As in other studies on microhydrated ions,32 

Table 1    Experimental band positions (in cm-1) and assignments  

Band n=0a n=1a n=2 n=4 n=6 n=12 n=∞
b Symbol Mode 

G  1671 1666 1664 1661 1663  δ(H2O) water bend 

H 1299 1294 1284 1249    νAS(P=O) antisym. O=P=O stretch 

H     1207 1234 1213 δ(POH) solvated POH bending 

H’     1138 1123 1156 νAS(P=O) antisym. O=P=O stretch 

I 1094 1099 1089 1086 1077 1073 1077 νS(P=O) sym. O=P=O stretch 

J 1049 1045      δ (POH) unsolvated POH bending 

K 770 820 837 885 924 979 944 νAS(P-OH) antisym. P-OH stretch 

L  793 812 827 842  879 νS(P-OH) sym. P-OH stretch 

a from ref. 2 . b from ref. 1. 

 

Fig. 1. IRMPD spectra for H2PO4¯(H2O)n from n = 0 to n = 12 in the 600-1800 cm-1 

spectral region. The 300 K FTIR spectrum of a 0.1 M aqueous KH2PO4 solution1 is 

shown at the bottom. The n = 0 and n = 1 spectra are from ref. 2. 
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δ(H2O) is thus rather insensitive to the details of the cluster 

structure, i.e., the particular binding site of the water 

molecules.  

 The features labelled H and I are found between 1000 and 

1400 cm-1 and are attributed to the antisymmetric and 

symmetric P=O stretching modes, νa(P=O) and νs(P=O), 

respectively.2 They can couple markedly to the POH bending 

modes, δa(POH) and δs(POH), complicating a straightforward 

assignment.  While the position of band I does not change 

much with n, band H is successively red-shifted from 1299 cm-1 

(n = 0) to 1207 cm-1 (n = 6), after which it loses in relative 

intensity and does not red-shift any further. Weak signals on 

both sides of band H are observed starting at n = 4.  By n = 6, a 

new band H' (at 1138 cm-1) emerges between I and H, and its 

intensity grows for n > 6.  Bands K and L, observed at 820 and 

793 cm-1, respectively, in the n = 1 spectrum, are assigned to P-

OH stretching modes, νa(P-OH) and νs(P-OH). Their position is 

shifted to higher wavenumbers with increasing n. While band 

K remains prominent throughout all spectra shown in Fig. 1, 

band L broadens and drops in intensity such that it is difficult 

to identify for n > 6. Finally, a second new feature (M) is 

observed in the lower part of the spectrum (< 800 cm-1) for n > 

6. It is very broad, and in analogy to the spectra of related 

ions,33, 43, 47, 48 can be attributed to water librational modes. 

Hence, we observe five characteristic trends in the size-

dependent IRMPD spectra shown in Fig. 1: (a) a continuous 

red-shift of band H up to n = 6, (b) the appearance and 

increase in cross section of band H' for n ≥ 4, (c) a marked 

insensitivity of band I to the degree of microsolvation, (d) a 

monotonic blue-shift of band K up to n = 12, and (e) the 

appearance and increase in cross section of band M for n > 6. 

 The observed trends indicate significant variations in the 

solvation shell around H2PO4¯ as the cluster size increases. Up 

to n = 6, the solute bands mainly shift in position, while for the 

n > 6 spectra the relative intensities change significantly, such 

that these bands ultimately approach those observed in the 

condensed phase spectrum for n = 12. Indeed, comparison of 

the n = 12 spectrum to that of a 0.1 M aqueous KH2PO4 

solution (see Fig. 1) supports our original assignment for bands 

I, K and L to νs(P=O), νa(P-OH) and νs(P-OH).  Band H’ then 

corresponds to excitation of the νa(P=O) mode1 and band H to 

the bending modes δa(POH) and δs(POH), observed at 1156 

cm-1 and 1213 cm-1 (see Table 1), respectively, in the 

condensed phase spectrum. However, in our previous study 

for n = 0 and n = 1 we assigned band H to νa(P=O) and found 

evidence for δa(POH) and δs(POH) at lower energies around 

band I.2  Hence, upon hydration δ(POH) is blue-shifted while 

νa(P=O) is red-shifted to such an extent that their energetic 

ordering is reversed. Note, the change in the relative 

intensities of bands H' and H suggest that this reversal occurs 

between n = 6 and n = 8. 

 

Simulated spectra for n = 2 

We start our analysis with the n = 2 cluster which, as the 

smallest member of the current series, illustrates important 

factors that cannot be adequately reproduced by harmonic 

frequency calculations based on stationary 0 K structures. Four 

isomers labelled 2-1 to 2-4 are identified by structural 

optimization, and their energy differences are within 4 kJ/mol. 

Their 0 K structures together with simulated harmonic IR 

spectra are shown in Fig. 2. Comparison to the experimental 

IRMPD spectrum indicates that the simulated spectra of 2-1 to 

2-3 are in poor agreement with experiment.   Only the 

spectrum of the fourth isomer 2-4, calculated to lie 3.64 

kJ/mol higher in energy than 2-1, matches the experimental 

observation of just two bands (H and I) satisfactorily. For 2-4, 

band H and I mainly correspond to the antisymmetric and 

symmetric combinations of the terminal P=O stretches νa(P=O) 

and νs(P=O), respectively, with the two POH bending modes, 

δa(POH) and δs(POH), also contributing to band I. Summarizing, 

the comparison to the predicted harmonic spectra indicate 

that 2-4 represents the dominant isomer, even though it is 

predicted highest in energy among the four minimum energy 

structures depicted in Fig. 2.    

 However, a good estimate of the experimental isomer 

population for hydrogen-bonded systems needs to include 

entropy, even at low temperatures. As we demonstrated in 

our previous study on the dihydrogen phosphate – water 

complex,2 the H2PO4¯(H2O) potential energy surface (PES) is 

rather flat, supporting transformations between different 

conformers even at lower temperatures. The entropy of non-

rigid structures, as in the present case, cannot be reliably 

estimated from harmonic vibrational frequencies (e.g. 

harmonic analysis does not entropically favour 2-4) but needs 

to be determined by running AIMD simulations to sample the 

phase space directly, in which the cluster undergoes structural 

transformation continuously. At each time step along a 

trajectory, the presence of a HB is identified using a threshold 

distance value of 2.50 Å so that the configuration at this step is 

categorized as belonging to one of the four isomers. In this 

context, it will prove helpful to introduce an alternative 

classification scheme. In the following, each structure is 

labelled with (s,s), where the value of s indicates the extent of 

solvation of each POH group. Values of 0, 1, and m refer to a 

POH group which is either not solvated, solvated by a single 

water molecule, or by a water molecule connected to other 

water molecules, respectively.  Within this scheme, isomer 2-1 

in Fig. 2 is labelled as (1,1), 2-2 as (0,1), 2-3 as (0,m) and  2-4 as 

(0,0).   

 

Fig. 2. The harnmonic IR spectra (left), as well as MP2/aug-cc-pVDZ minimum-energy 

structures (right), zero-point corrected relative energies (in kJ/mol) and HB distances 

(in Å) for n = 2. The experimental IRMPD spectrum (bottom trace) is also shown. 
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 The accumulated statistics based on AIMD trajectories are 

listed in Table 2, which provides an estimate of the population 

for each isomer. The result is temperature dependent. At 140 

K, the dominant isomer is 2-2 (0,1), while the population of 2-4 

(0,0) is the second highest. When the temperature is raised to 

180 K, 2-4 (0,0) becomes the dominant isomer (51%), while 2-2 

(0,1) at 40% still makes a significant contribution.  2-1 (1,1), 

the most stable isomer, has a population of only 13% at 140 K, 

which reduces to 5% at 180 K.  Hence, even though 2-4 (0,0) is 

the least stable in terms of energy, its presence is favoured by 

entropy and thus its population increases as the temperature 

is raised. 

 Based on the populations listed in Table 2 a mixture of two 

isomers, 2-2 (0,1) and 2-4 (0,0), mainly contributes to the n = 2 

IRMPD spectrum.  At 140 K, 2-2 (0,1) is the dominant isomer.  

But as the temperature is raised to 180 K, the contribution of 

2-4 (0,0) increases. Note, the simulation temperatures cannot 

be directly compared to the experimental temperature of the 

ions. On one hand, the atomic motion in the AIMD simulations 

is treated by Newtonian mechanics and the temperature is 

calculated from the average kinetic energy, without 

considering zero point vibrational energy (ZPE). On the other 

hand, the measured ion trap temperature (15 K) only 

represents a lower limit for the temperature of the ions in the 

presence of RF heating as well as other collisional heating 

mechanisms. Thus, the average internal temperature of the 

ions is somewhat higher than the ion trap temperature, but 

considerably lower than the simulation temperature, since the 

latter needs to be increased in order to compensate for the 

lack of ZPE. The latter effect is quite substantial if one 

considers that the ZPE for the OH stretching modes are 

significantly larger (~20 kJ/mol) than the lowest isomerization 

barriers (4 kJ/mol) for n = 2.   

 If the IRMPD spectrum is largely due to 2-2 (0,1) and 2-4 

(0,0),  there remains one problem: while the harmonic 

spectrum for 2-4 (0,0) is similar to the IRMPD result, the 

spectrum for 2-2 (0,1) is not. The difference is that in 2-4 (0,0), 

the POH groups are not solvated, and its IR spectrum (see Fig. 

2) is thus quite similar to that of H2PO4¯, with νs(P=O), δs(POH) 

and δa(POH) close in energy and well separated from νa(P=O). 

When there is a water molecule bound between a POH and a 

P=O group, as in 2-2 (0,1) (and also in 2-1 (1,1) and 2-3 (0,m)), 

the coupling between the modes is enhanced, leading to four 

well separated bands (see Fig. 3). 

 At finite temperature, the lengths of the weaker HBs in 

H2PO4¯(H2O)2 undergo much larger changes than the stronger 

covalent bonds. Such dynamic fluctuations influence the 

charge distribution and thus indirectly induce shifts in the 

vibrational frequencies of modes involving covalent bonds, 

which ultimately leads to a smearing out of the corresponding 

IR bands. In contrast to molecular dynamics simulations, 

harmonic analysis based on stationary structures cannot 

reproduce such effects. Dynamic effects can, in principle, be 

observed for any mode, but are typically most pronounced for 

moieties directly involved in hydrogen bonded networks, like 

the H2O librational modes in larger microhydrated clusters 

Table 2   Isomer populations (in %) for n = 2, 4, and 6 from AIMD simulations at T = 140 

and 180 K. The structures are determined by a HB cut-off at 2.50 Å.  

n 

T/K 

2 

140 

 

180 

4 

140 

 

180 

6 

140 

 

180 

(0,0) 18 51 4  4  28 1  

(0,1) 55 40 7  19  0  3  

(0,m) 14 4  89 73 9 48 

(1,1) 13  5  0  1  0  1  

(1,m)    0  3  41 17  

(m,m)     0  0  22 30 

 

 

Fig. 3. Left, fluctuation in the HPOH…Ow HB distance during AIMD simulation at 140 K 

and 180 K in 2-2 (0,1). Right, harmonic IR spectra derived from MP2/aug-cc-pVDZ 

calculations for 2-2 (0,1) and constraining the HPOH…Ow distance (H7…O11) to a value 

from 2.06 Å to 2.70 Å. The calculated energy difference between 2.06 Å to 2.70 Å is 

2.13 kJ/mol. 

 

Fig. 4. Comparison of DTCF spectra for n = 2 at 20 K, 140 K and 180 K, based on AIMD 

simulations, to the experimental IRMPD spectrum. 
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(band M in Fig. 1).   

 The mode related to the microhydrated POH group in 2-2 

(0,1) provides a good example for such dynamic effects. As 

shown in Fig. 3, considerable fluctuations (2.0 ~ 5.5 Å) in the 

HPOH…Ow distance are predicted during AIMD runs at 140 K and 

180 K. Dynamic fluctuations along this coordinate induce 

significant shifts in the harmonic frequency of the POH 

bending mode, which then leads to the observed 

broadening/smearing out of the IR band. Since the fluctuation 

of the HB length occurs on a much longer time scale than the 

PO-H stretching and POH bending vibrations, we can consider 

the cluster as vibrating under the perturbation of this HB.  

Approximately, its effect on the harmonic IR spectrum can be  

estimated by systematically varying the H7…O11 distance from 

2.10 to 2.70 Å. A structure optimization is performed with 

H7…O11 constrained to a specific value, followed by a 

harmonic analysis shown in the right panel of Fig. 3. δa(POH) 

shifts appreciably to the red as the HB is lengthened, because 

the POH bending motion is not hindered any longer after the 

HB is broken. The νa(P=O) band also shifts to the red, although 

not to the same extent.  

 DTCF spectra for n = 2 obtained from AIMD runs at three 

different temperatures are compared to the experimental 

IRMPD spectrum in Fig. 4. At 20 K, the initial structure, either 

2-2 or 2-4, is maintained throughout the simulation (10 ps 

duration) and the vibrational motion is close to harmonic. At 

higher temperatures of 140 K and 180 K, the AIMD runs (300 

ps duration) reveal substantial broadening of all IR-active 

features due to anharmonicities and interconversion between 

2-2 and 2-4. At 180 K (140 K) the combined population of 2-4 

and 2-2 (see Table 2) amounts to more than 90% (70%) and 

the DTCF spectrum is quite similar to the experimental one. At 

180 K, δs(POH) and νs(P=O) merge into a single feature, 

corresponding to band I in the experimental spectrum. νa(P=O) 

is associated with band H, while δa(POH) is smeared out due to 

the dynamic effects discussed above. 

 The overall shape of the 180 K DTCF spectrum agrees quite 

well with the experimental IRMPD spectrum. Interestingly, 

some discrepancies between experiment and simulation can 

be expected due to the multiple photon nature of the 

photodissociation process, which is not explicitely considered 

in the AIMD simulations.34,47 However, these effects do not 

seem to be dominant here and the AIMD simulations do 

capture the underlying physics relevant for the important 

features observed in the IRMPD spectra. 

 

Simulated spectra for n = 4 and n = 6 

As n increases, the number of possible isomers (see SI) 

increases rapidly. As is typical for microhydrated clusters, 

there are many ways to arrange the HBs between solute and 

solvent molecules.  Given the small energy differences among 

the isomers, it is not easy to identify the minimum energy 

structure with confidence, which in any case is not necessarily 

the most populated conformer at finite temperature as shown 

in Table 2. The key to understanding the IRMPD spectra is the 

extent of solvation around the two POH groups; this not only 

provides a way to classify these structures, but also turns out 

to be a good indication of its harmonic spectra. Our results 

show that the harmonic IR spectra for the same type of 

solvation motifs, such as (0,0), (0,1), or (1,1), but different n, 

are fairly similar (see SI).  The changes observed in the IRMPD 

spectra as n increases are thus mainly related to how the POH 

groups are solvated.  

 At n = 4, the 4-3 (0,m) structure (see Fig. 5) becomes 

dominant. In 4-3, one POH group is free, while the other one 

(PO5H7) is part of a HB network involving a four-membered 

water ring and the two P=O groups. The population of 4-3 in 

the AIMD simulations is 89% at 140 K and decreases slightly to 

73% at 180 K (see Table 2).  A (0,m) structure is also identified 

for n = 2 as 2-3, although it is very unstable and easily 

interconverts to 2-2 during the AIMD runs. Hence, the free 

energy of the (0,m) structures becomes more favourable as 

more water molecules are added, accompanied by a 

strengthening of the HPOH…Ow HB (O9…H7 in Fig. 6). Its 

fluctuation around 2.00 Å during the 140 and 180 K AIMD runs 

is less pronounced than that observed for 2-2 (0,1), indicating 

a better dynamic stability. 

 

Fig 5. Comparison of the experimental IRMPD spectrum for n = 4 (bottom trace) to the 

MP2 harmonic IR spectrum for 4-3 (0,m), the dominant structure at n = 4, and the 

DTCF spectra at 20 K, 140 K and 180 K. The duration of simulation is 10 ps at 20 K, and 

300 ps at 140 and 180 K. 
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 The harmonic IR spectrum of the (0,m) structure (see Fig. 

5) shows new features compared to the predicted spectra of 

the (0,1) and (0,0) structures. The microhydrated POH group 

(PO5H7 in Fig. 5) is now part of a HB network and separated 

from the next P=O group by at least two water molecules.  The 

dependence of the POH angle on the P=O stretching mode is 

reduced. As a result, δ(POH) of the solvated POH group is 

decoupled from νa(P=O) and becomes the highest energy 

feature in the spectrum, while νa(P=O) is considerably red-

shifted (~100 cm-1) compared to νa(P=O) of 2-2 (0,1) shown in 

Fig. 3. 

 As the HPOH…Ow distance varies from 1.80 to 2.10 Å in 4-3 

(0,m), it is again δa(POH) that changes significantly in position, 

while νa(P=O) moves little (Fig. 5).  Considering this dynamic 

effect, the IR spectrum should contain a νa(P=O) band, red-

shifted compared to the νa(P=O) band in 2-2 (0,1), and a 

broader feature on its high energy side, which can be 

attributed to δa(POH) of the solvated POH group.  This trend is 

indeed reproduced in the DTCF spectra at 140 and 180 K and 

also observed in the experimental IRMPD spectrum (see Fig. 

6). At 20 K, the minimum energy structure is maintained 

throughout the simulation and the DTCF spectrum basically 

resembles the harmonic spectrum, although the band 

positions are red-shifted relative to the MP2 and experimental 

results, due to the DFT method used in the AIMD simulations. 

The dynamic effect also broadens νs(P=O) as well as δ(POH) of 

the free POH group, which both merge into a single band and 

correspond to band I in the experimental spectrum. The shift 

of band H to lower energies as n increases from two to four is 

attributed to the enhanced presence of (0,m) structures, i.e. 

the solvation of one of the two POH groups. 

 In contrast to the n = 4 cluster, for which mainly a single 

isomer, (0,m),  is predicted, a mixture of isomers is found to be 

populated during AIMD simulations for n = 6 (see Table 2), 

including significant contributions from (0,m), (m,m) and (1,m) 

structures. The second POH group is thus solvated starting at n 

= 6 (see 6-1 and 6-3 in Fig. 7). This leads to further changes to 

the harmonic IR spectrum. Upon incorporation of both POH 

Fig. 6. Left, fluctuation in the HPOH…Ow HB distance during AIMD simulations at 140 K 

and 180 K for the (0,m) structure at n = 4.  Right, harmonic IR spectra derived from 

MP2/aug-cc-pVDZ calculations for 4-3 and constraining the HPOH…Ow distance to a 

value from 1.80 Å to 2.10 Å. The calculated energy difference between 2.10 Å and 1.90 

Å is 1.55 kJ/mol. 

 

Fig. 7. MP2/aug-cc-pVDZ harmonic IR spectra (left) and displacement vectors (blue 

arrows) of three harmonic vibrational modes (right) for 6-1 (m,m) and 6-3 (m,m).  

 

Fig. 8. DTCF spectra for n = 6 at 20 K, and 180 K, based on AIMD simulation, in 

comparison with the experimental IRMPD spectrum.  At 20 K, the structure is 

maintained throughout the 10 ps simulation, and the DTCF spectrum is basically the 

harmonic spectrum, although the peak positions are red-shifted relative to the MP2 

and experimental results, due to the DFT method used in the AIMD simulations.  At 

180 K, the simulation duration is 300 ps.  
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groups into the HB network, both POH bending modes are 

shifted to higher energies and are effectively decoupled from 

the P=O stretching modes. The two bands at highest energy 

around 1300 cm-1 are now mainly from combinations of the 

two POH bending modes, while the P=O stretching modes are 

predicted between 1050 and 1150 cm-1.  

 The experimental IRMPD spectrum can be assigned by 

considering such a mixture, as shown in Fig. 8. Band I is 

attributed to νs(P=O), which is not particularly sensitive to 

structural changes. Band H is assigned to the νa(P=O) modes of 

the (0,0), (0,m) and (1,m) structures. The first appearance of 

band H' between I and H is then linked to the νa(P=O) mode of 

the (m,m) structures, which were not significantly populated 

for n < 6, but are thermodynamically favoured for larger n. 

 

Overall Trends 

Based on the analysis above, the trends observed in the 

experimental spectra shown in Fig. 1 are directly linked to the 

site-specific microhydration of the solute H2PO4¯ anions. The 

first water molecules bind to the P=O groups instead of the 

POH groups, because the OP=O–atoms are more negatively 

charged.1  Up to n = 2, the POH groups are free or involved in a 

single HB to a H2O molecule. This HB between a water 

molecule and a POH group is weaker than the corresponding 

HB involving a P=O group, and at finite temperature the 

weaker HB with the POH group is more easily disrupted. 

Hence, the experimental IRMPD spectra in the P=O stretching / 

POH bending region are dominated by the contribution from 

(0,0) structures. 

 By n = 4, there are enough water molecules so that one of 

the POH groups forms a HB to a unit of four water molecules 

solvating the two P=O groups. The formation of such a (0,m) 

structure changes the vibrational signature. The bending mode 

of the solvated POH group is no longer coupled to the P=O 

stretching modes, and its position shifts to higher energies. 

Furthermore, its intensity smears out over a broader energy 

range as a result of the dynamic effect and responsible for the 

weak signals on the high energy tail of band H. At the same 

time, νa(P=O) shifts to lower energies, which is the main 

reason for the observed red-shift of band H with increasing n.    

 By n = 6, the solvation of the second POH group is favoured 

and (m,m) structures significantly contribute to the IR 

spectrum. The energy of the νa(P=O) mode for the (m,m) 

structures is lowered to 1100 cm-1, corresponding to band H', 

while both POH bending bands are blue-shifted and their 

intensity is smeared out due to the dynamic effect. However, 

the mixture of structures at n = 6 is not yet dominated by 

(m,m) structures, and the νa(P=O) vibration of other structures 

contribute to band H.  As n increases, band H' gains in 

intensity, because more water molecules are available and the 

population of (m,m) structure is favoured. In aqueous solution, 

band H' becomes dominant, while the intensity of band H is 

smaller and contributes, together with the bending of solvated 

POH, to the observed shoulder above 1200 cm-1.16 

 Observations in the region below 1000 cm-1 provide further 

information.  Bands L and K are assigned to the symmetric and 

antisymmetric P-OH stretching modes, respectively. The blue-

shifts in their positions with increasing n are related to the 

extent of POH solvation.  For example, among the (0,0) 

structures, the calculated νa(P-OH) harmonic frequencies shift 

from 833 cm-1 at n = 2 to 850 cm-1 at n = 4 and 867 cm-1 at n = 

6, none of which is big enough to account for the more than 

100 cm-1 blue-shift observed in the experiment. At n = 6, only 

(m,m) structures exhibit νa(P-OH) vibrational frequencies 

above 900 cm-1. The position of band K for n = 8, 10 and 12 

again indicates the predominance of (m,m) structures, which 

also explains the almost fixed position of band K at these sizes.  

Dynamic effects are also important. Many water wagging 

modes fall into this region. They are shifted due to HB network 

fluctuations, resulting in the broad absorption feature in-

between 600 cm-1 and 1000 cm-1. A full table of experimental 

band positions and assignments is provided in the supporting 

information. 

Conclusions 

H2PO4¯(H2O)n clusters represent a useful model system for 

studying solute/solvent interactions one water molecule at a 

time by way of vibrational spectroscopy combined with AIMD 

simulations. However, the IRMPD spectra of cold H2PO4¯(H2O)n 

anions with n = 2-12 in the spectral range of the stretching and 

bending modes of the solute anion cannot be fully understood 

by comparison to harmonic spectra of minimum-energy 

structures,  but require considering anharmonic as well as 

dynamic effects. The abundance of a particular isomer is not 

determined simply by relative energy. Rather, entropy plays a 

significant role already at lower temperatures.  Furthermore, 

the fluctuation of the HB network, in general, and individual 

HB bond distances, in particular, induces changes in the charge 

distribution, which result in vibrational frequency shifts and 

hence characteristic broadening of spectral features.  

 Finite temperature AIMD simulations that directly sample 

the phase space qualitatively recover the observed changes in 

the position, width and intensity of the IRMPD bands with 

cluster size and allow relating them to the sequence of 

microhydration. The first water molecules bind to the two P=O 

groups and only when these have been incorporated into a HB 

network are the two POH groups hydrated. Starting with n = 8 

the gas phase cluster spectra show similarities to the solution 

phase spectrum, indicating that the first hydration shell is 

nearly complete.  

 The present results show that anharmonic and dynamic 

effects are important in understanding these biologically 

relevant interactions. The consideration of such effects may 

also be important in the interpretation of the vibrational 

spectra of many other microhydrated ions, most of which 

have, up to date, been interpreted on the basis of a harmonic 

analysis of 0 K structures.  
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