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Abstract: The dynamics of the intermolecular short hydrogen bond in the molecular complex of urea and
phosphoric acid are investigated using plane-wave density functional theory. Results indicate migration of
the proton toward the center of the hydrogen bond as temperature is increased, in line with recent
experimental measurements. Computed vibrational frequencies show favorable agreement with experimental
measurement. An analysis of existing neutron diffraction data leads us to conclude that the effective potential
well experienced by the proton is temperature-dependent. Inspired by our computations and theoretical
analysis, we offer a possible explanation for the proton migration phenomenon.

1. Introduction (a)

There is much current interest in short, strong hydrogen
bonds. The possible transfer of protons through such linkages
enables charge and energy to be transferred between molecules
in solid chemical and biological systems and has widespread
implications for issues as diverse as ferroelectrics, electrochemi-
cal processes, crystal engineering, and enzyme aktion.

In contrast to normal and weak hydrogen bonds-(ki*--

*Y™), very strong hydrogen bonds have a quasi-covalent
character. In the resulting three-center four-electron bond, the
H-atom is involved in two partial covalent bonds of comparable (b) 0(5) 04)
bond orders (i.e., XH—Y); one possible description of the
potential energy profile defining this type of hydrogen bond is
as a broad, single wellOne system in which much of our recent
work has focused is that of the ureacid complexes. In these,
a rich variety of short, strong hydrogen bonds is found to be C

present in a relatively simple framework and is therefore very Figure 1. (a) Crystal structure of UPA. (b) One UPA dimer unit showing
suitable for in-depth study by experimental and computational atom labeling scheme for the three-center, two-electron short hydrogen bond
methods. It is well-known that the acidic H-atom can show a With migrating bridging proton.

varying degree of transfer from one compound (the acid) to the perature; the proton position is found to change by some 0.05
other (urea). In the case of the 1:1 adduct of urea and phosphorica toward the center of the bond as the temperature is increased
acid (the title compound ureghosphoric acid (UPA); see  fiom T = 15 K to T = 300 K3

Figure 1), neutron diffraction analyses have demonstrated & The work presented here is aimed at a deeper understanding
situation intermediate between these two extremes, with appareniyf the short, strong hydrogen bond in the model material-urea
migratory behavior of the bridging hydrogen atom with tem-  phosphoric acid. By complementing existing experimental

Y Universitv of Edinbaran measurer_nents with theoretical _and computational modeling, we

4 Universit; of Glasgovg. ’ aim to build a more complete picture of the often subtle effects
(1) (a) Steiner, TAngew. Chem., Int. E®002 41, 48. (b) Zundel, GAdv. governing the description of such hydrogen bonds. We have

Chem. Phys200Q 111,1. (c) Golubev, N. S.; Denisov, G. S.; Gindin, V. recently published @ = 0 K (ground-state) plane-wave density

A.; Ligay, S. S.; Limbach, H.-H.; Smirnov, S. N.. Mol. Struct.1994
322 83. (d) Pan, F.; Wong, M. S.; Gramlich, V.; Bosshard, C.; Guenter,

P.Chem. Commuril996 13, 1557. (3) (a) Wilson, C. C.; Shankland, K.; Shankland,A\ Kristallogr. 2001, 216,
(2) Wilson, C. CSingle-Crystal Neutron Diffraction from Molecular Materials 303. (b) Wilson, C. CActa Crystallogr.2001, B57, 435. (c) Wilson, C.
World Scientific: Singapore, 2000. C.; Morrison C. A.Chem. Phys. LetR002 362, 85.
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functional theory (PW-DFT) calculation on UPA, which, to our (2.417 A). It is this last bond that displays proton mobility with
knowledge, was the first to produce an authentic computational temperature and forms the primary interest in this research.
description of a very short hydrogen bond in a crystal strudture. ~ 2.1. Molecular Dynamics Calculations.A series of PW-DFT
The calculations reproduced the short asymmetric hydrogenmlcr_ocanonlcal (NVE) molecular dynamlcs_ cal_culat!ons have been
bond with the proton partly transferred to ure®(4)--O(5) carrlgd out .for the unit cell of uregphosphoric acid using the VASP
— 2425 A rH(4)-+-0(5) = 1.11 A cf neutron diffraction 1 4.4 simulation codé.A generalized gradient approximation (PW91)

_ . was used for the exchange and correlation poteniiak wave function
= 15 K) 2.416(2) A, 1.158(4) A]’ in sharp contrast to the was generated using a series of pseudopotentials and delocalized plane

optimized structure obtained from isolated-molecule calculations ,5,es expressed at an energy cutoff of 297 eV. Integrations over the
based on a UPA dimer model, which implied a hydrogen bond gyiliouin zone were performed using otkepoint at thel” position.
that neither was short®(4)-++O(5) = 2.60 A] nor showed any In total, four simulations were performed with equilibrated temper-
evidence of proton transferfi(4):+-O(5) = 1.00 A], clearly at atures of approximately 40, 125, 220, and 340 K. A time step of 0.75
odds with the experimental data. While establishing the fswas chosen to enable appropriate sampling of the highest vibrational
importance of periodic boundary conditions in obtaining the frequency in our system, namely the Nbiretching mode. This was
correct geometry for the solid state was in itself an important found to be an appropriaFe vglue following subsequent_ carefl_JI monitor-
result, it was also clearly important to then carry the calculations "9 Of €nergy conservation in the NVE ensemble. Simulations were
forward and model (and thus explain) the effects of temperature run for 0.6 ps, with the first .0.'2. ps worth (.Jf data discarded to ensure
on the crystal structure. To this end, we have now undertakenthe system had reached equnlbrlum. The highest temperature S|mula_t|on
. - . was run for a further 0.1 ps to verify that no further changes out with
a se”esf of PW-DFT mo'_eCUIa'f dynamics (MD) calculations to one or two uncertainty ranges in the averaged structure parameters
ascertain whether the simulations can correctly reproduce theyecorded in Table 1 occurred. Vibrational frequencies were obtained
migratory proton behavior and its temperature dependence andpy Fourier transformation of the autocorrelation function of the
if so, help shed light on why these structural changes take place.calculated forces; low-frequency noise was subtracted from the Fourier
Furthermore, by performing a Fourier transformation of the transforms using a Blackman windowing function.
calculated forces of the atoms, we can also obtain the vibrational In the simulations reported here the input geometry was taken from
frequencies for the unit cell model that will be automatically our previously reported equilibrium structure, in which both lattice

corrected for anharmonicity, crucial for the correct description Vectors and atomic positions were optimized until convergence was
of short hydrogen bond systems achieved. This structure reproduced the experimental lattice vectors to

. . . - . within 0.15 A, all intramolecular bond distances to within 0.02 A, and
For any discussion concerned with the mobility of bridging angles to within 1%

protons in short hydrogen bonds, some time must be devoted

to the nature of the potential energy surface (PES) itself. As 3. Asymmetric Hydrogen Bond

mentioned above, these potentials are often, but not exclusively, 3 1 Neutron Diffraction. O(5)-++H(4)-+-O(4) bond lengths
regarded as being broad single wélor proton migration o the temperature range 15T < 335 K as obtained by neutron
occur, two scenarios are possible. The effective potential may jitfraction are reported in Table 1 and plotted in Figure 2. As
be unresponsive to temperature and thus an increase in thermahe o..H...0 linkage is very close to linear (see Figure 1b)
energy simply allows the proton to sample higher-energy states. ;o what follows it is convenient to define the quantitiesind

In an alternate scenario, the shape of the effective potential is 5 55 nalf the sum and difference respectively, of the ©(4)
dependent on temperature, and the proton lies in the Iowest-H(4) and O(5)--H(4) bond Iengthé' that is ’

energy state appropriate for that temperature. To address this
central issue, we have modeled the extensive previously 1
published variable temperature neutron diffraction redutis o= E[rO(4)---H(4) +rO(5)--H(4)] (1)
establish whether the nature of the potential is dependent on
temperature. and
In this article, we report the results obtained from four PW-
DFT molecular dynamics simulations carried out for UPA at 1
= ca. 40, 125, 225, and 340 K. The change in geometry for the 0 = 35[rO(4)+-H(4) = rO(5)---H(4)] )
short hydrogen bond as a function of temperature is discussed
before considering the calculated vibrational spectra. We also  From the experimental results in Table d.is only very

report on the temperature dependence of the PES for UPA byweakly dependent on temperature, the weighted average value
theoretically modeling existing neutron diffraction data. Finally, peingo = 1.2128(11) A (throughout this article, the number in
we offer a possible explanation for the mobile proton behavior. parentheses represents the estimated statistical uncertainty in
the final digits). By contrastp shows strong temperature
dependence, as shown in Figure 2a; the corresponding bond
The crystal structure of ureghosphoric acid belongs to the lengths are shown in Figure 2b. At temperatures below
orthorhombic space groupbcawith lattice parametera = 17.401 A, 315 K, the difference parameter > 0, which reflects a
b=7.428 A, anct = 8.903 A (neutron diffractionT = 15 K), giving preference of H(4) for proximity to O(5) rather than O(4); above

eight dimer units in the unit cell. The urea and phosphoric acid thjs temperature) is effectively zero within statistical uncer-
molecules are stacked in alternate layers and link together by atginties.

complicated network of hydrogen bonding (see Figure 1). The
phosphoric acid molecules link through standard hydrogen bas ( (4) Kresse, G.; Furthmueller, Comput. Mater. Scil996 6, 15.

-0 = 2.576 and 2.636 A), while between urea and phosphoric acid (5) 'E’,erlﬂew, ~(J: Eh: Chgvarg,lJééA-:4\éoglé<37,13. H.; Jackson, K. A;; Singh, D. J.;
two different interactions exist: a weak hydrogen bond via-a® (6) Ajl?enélf/i. P.; T)illsdesﬁéy D. J(:Zombuter Simulation of Liquid<larendon
linkage (2.880 A) and a very short hydrogen bond via an@linkage Press: Oxford, 1987.

2. Model and Theoretical Methods
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Table 1. Bond Lengths and the Parameters o (1) and 6 (2) as Functions of Temperature as Obtained from Neutron Diffraction [3] and MD
Simulations?

K 10(4)+++0(5) 10(4)-++H(4) 10(5)-+H(4) o B
Neutron Diffraction [Averager = 1.2128(11) A]
15 2.4165(20) 1.267(4) 1.158(4) 1.2125(28) 0.0545(28)
150 2.412(2) 1.252(4) 1.168(4) 1.2100(28) 0.0420(28)
250 2.405(6) 1.237(9) 1.176(10) 1.2065(67) 0.0305(67)
280 2.417(7) 1.240(11) 1.195(12) 1.2175(81) 0.0225(81)
290 2.403(6) 1.235(10) 1.179(11) 1.2070(74) 0.0280(74)
295 2.420(7) 1.252(10) 1.180(11) 1.2160(74) 0.0360(74)
300 2.422(6) 1.238(10) 1.193(11) 1.2155(74) 0.0225(74)
305 2.422(7) 1.231(10) 1.199(11) 1.2150(74) 0.0160(74)
310 2.431(7) 1.239(10) 1.201(11) 1.2200(74) 0.0190(74)
315 2.433(7) 1.219(11) 1.221(11) 1.2200(78) —0.0010(78)
320 2.425(8) 1.222(11) 1.214(12) 1.2180(81) 0.0040(81)
330 2.419(8) 1.221(12) 1.208(13) 1.2145(88) 0.0065(88)
335 2.430(9) 1.226(15) 1.214(15) 1.220(11) 0.006(11)
Molecular Dynamics [Average = 1.2259(28) A]
0 2.425 1.328 1.106 1.2170 0.1110
39.9(1) 2.4377(4) 1.3326(8) 1.1159(5) 1.2243(5) 0.1084(5)
127.2(4) 2.4373(6) 1.3066(14) 1.1440(12) 1.2253(9) 0.0813(9)
225.2(6) 2.4412(8) 1.3023(18) 1.1563(15) 1.2293(12) 0.0730(12)
337.0(9) 2.4467(9) 1.2769(22) 1.1901(20) 1.2335(15) 0.0434(15)

a All bond lengths are in angstroms.

3.2. Molecular Dynamics.The geometry changes recorded (a)
in the MD simulations for the short hydrogen bond in crystalline 0.12 ' ' ' T ' ' ' '
UPA (averaged over all eight dimer units) are given in Table 0.10 :
1, alongside experimental parameters and the previously reported |
equilibrium structure for direct comparison. Like the neutron 0.08
diffraction results, the simulations also describe an asymmetric
bond with the bridging hydrogen migrating from urea toward
the center of the bond as the temperature rises. The simulated @ 0.04
bridge is slightly more asymmetric than what was found < :
experimentally, and at present the reason for this discrepancy « 0.02
is unclear. The differences are evident in Figure 2, where the

0.06

stroms

experimental and calculated valuesiof O(4)---H(4), andrO- 0.00
(5)-+-H(4) are plotted together for direct comparison. Like the
experimental datay shows no strong systematic variation with -0.02 e

temperature (1% increase betweEr= 0 K and T = 337 K)
and hence to a first approximation is considered constant and
equal to the average value= 1.2259(28) A, this being only (b)

1% larger than the corresponding experimental value. 1.34
The migratory proton behavior observed in the MD simula-
tions is shown graphically in Figure 3, where the change in 1.30
ro(4):--0(5),rO(4)--H(4), and rO(5)--H(4) over time for one
of the UPA dimer units in the crystal lattice is displayed. From w4 og [
this it can be seen thaO---O is essentially constant over the E
duration of the simulation [average value 2.437(4) A compared & 1.22
to 2.419(1) A by experiment], with greater variation in the g
highest temperature simulation. Some fluctuation should be -~ 4 18
expected in all measured parameters, however, as the sample
size (one unit cell= 128 atoms) is statistically quite small. If 1.14
the simulations were repeated with a larger unit cell (e.g., a 2 ——
x 2 x 2 lattice) then these oscillations would diminish, but at 1.10 . . . . . . .
great computational cost. The MD geometry plots also nicely 0 50 100 150 200 250 300 350 400 450
demonstrate the proton mobility over the course of the simula- T/K

tions: proton motion clearly increases with temperature, and _ )

t high temperature the bridging atom makes it past the midpoint /¢ 2. (@) Thermal average af as a function of temperature from
athig p ging ] p p neutron diffraction (solid blue points), MD simulations (solid red points),
of the O-O bond (1.2 A), shuttling between urea and a harmonic-oscillator theory (eq 3) (dashed curves), and a phenomenological
phosphoric acid. The dynamics of the short hydrogen bond is mean-field theory (eq 5) (solid curves). (b) Thermal averages of the O(4)

; il _ --H(4) and O(5)--H(4) bond lengths from neutron diffraction (solid and
also agreeably demonstrated in a multiplicity plotdf(ex open blue points, respectively), MD simulations (solid and open red points,

presseg to two quimal places) Obtaine_d for 3_—” eight_ hydrogen espectively), a harmonic-oscillator theory (dashed curves), and a phenom-
bonds in the unit cell for the four MD simulations (Figure 4). enological mean-field theory (solid curves).

4044 J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005
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Figure 3. Geometries obtained for the short hydrogen bond in UPA by MD simulation: (a) 39.9(1), (b) 127.2(4), (c) 225.2(6), and (d) 337.0(9) K [black
ro---O, redrO(4)---H(4), bluerO(5)---H(4)]. Time intervals are 0.75 fs.

population of excited states. For the purposes of illustration, it
is assumed that the energy levels of a given proton are those of
harmonic oscillator, that i€, = (n + (¥2))hw withn=0,1,2,...,
which might arise when the proton is localized in one of the
wells of a double-well potential. In the current scenario, it is
also assumed that at low temperatures the thermal average of
will be dominated by contributions from the ground state with
a quantum-mechanical expectation valdg|0> 0, in accord
with the experimental results. At higher temperatures, the
thermal average will contain contributions from excited states
with expectation values assumed to be equal to zero, that is,
Multiplicity EI|8|nD= 0 forn=1,2,3,... In this scenario, the thermal average
Figure 4. Multiplicity plots of & (expressed to two decimal places) forthe ~ Of 0 is given by
unit cell of UPA [black 39.9(1), red 127.2(4), green 225.2(6), and blue
3T0O K o(T) = [D]5|0L — exp(~O/T)] 3

Parameter &

From this it i; verified that at 39.9(1) K the protons spend Most \yhere@ = Aw/ks is a vibrational temperature. Equation 3 has

time approximately 0.1 A away from the middle of the-@ been fitted separately to the experimental res@ts{ 153(29)

bond toward urea. At higher temperatures, the protons are ableg 5(0) = [0]4|00= 0.0555(44) A] and the MD result$)] =

to explore more of the hydrogen bond potential, and although 178(24) K, 6(0) = 0.1109(66) A]. The resulting curves are

they spend a significant amount of time close to phosphoric plotted in Figure 2a, whileO(4)+-H(4) = ¢ + &(T) andrO-

acid, they are statistically more likely to be found close to urea (5)+*H(4) = o — (T) are shown in Figure 2b. It is clear that

in the same position as in the low-temperature simulation. At the temperature dependence in this scenario is not consistent

337 K, the time scale for proton migration is on the order of 15 yyith the results obtained from neutron scattering, particularly

fs, comparab_le with that obtained in amolec_ular dynamics study 4¢ high temperatures. Equation 3 is only barely adequate in

for the short intramolecular hydrogen bond in benzoylacetone. fitting the results from the MD simulations. It is anticipated
3.3. Phenomenological TheoryThe temperature dependence  that related models, with different energy levels and expectation

of ¢ illustrated in Figure 2a could arise through one of two values, would yield similar types of curves.

general types of mechanisms that are discussed below. First,

) X ) It will now be shown that the experimental and simulations
the temperature dependence might arise simply from the thermal

results are consistent with there being a mean field experienced
by each proton that varies with temperature. The inspiration
for this theory is the observation that at low temperatdres

(7) Pantano S.; Alber F.; Carloni, P. Mol. Struct. (THEOCHEM200Q 530,
177.
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0, while at high temperatures is essentially zero. Hencé, Table 2. Selected UPA Experimental and Calculated Vibrational
. i -1
plays the role of an “order parameter” for a symmetry-breaking Freduencies (cm-7)
phase transition that occurs at some critical temperafle, IR caled IR caled A
The simplest phenomenological theory of phase transitions, %K) (3991 K] (B10K) [337.00) K] assignment
Landau theory, involves writing the temperature-dependent 3450 3510 3450 3430 vas(NHy)
thermodynamigotential as a polynomial expansiondn 3320 3285 3320 -~ vs (NH)
) 1900-2800 max.2725 190662880 max.2790 v (O—H-:+0)
1670 1665 1660 1650 v (CO)
- 1 2, 1 1640 1645 1630 1650 0 (NHy)
f=1o+5LATO" + 7,0 (4) 1515 1660 - 1715 6 (O-+-H-+0)
1580 1590 1560 1600 0 (NH)

) . ) - 1460 - 1390 7 (O++*H++-0)
where AT = T — T¢ andf,fs > 0. This function describes a 1230 1225 1210 1240 5 (O—H++-0)
symmetric, double-well potential with its minima@t= 0 when 1190 1110028 1170 . llggo o (lzlgz) He)

. i o S _ — — Vas (OreeHeee
AT < 0, and a single-well potential WIFh its minimum ét_ 890-995 max. 900 896995 max. 900 v (PO)
0 whenAT = 0. The thermal average ofis therefore identified 872 975 875 910 y (O—H-+-0)

with its (positive) value at the global minimum of the potential;

that is,
_szT T<T,
o(T) = f, (5)

0 T=T,

Fitting eq 5 to the experimental results féryields the
parameterdc = 315(2) K, f/f4 = 1.08(11) x 1075 K1 A2,
and 6(0) = /f,T/f, = 0.0583(30) A; the fits are shown in
Figure 2a. In Figure 2b, the experimental bond lengths are
compared with curves derived from the fits with—= 1.2128-
(11) A. Clearly, the experimental results are consistent with the
hydrogen being confined to the heuristic temperature-dependent
potential in eq 4. Figure 5. Calculated vibrational spectrum for UPA at 40 K (hydrogen
The _resqlts from MD simulations have also been fitted using izﬂsbﬁggi’nzkﬁﬁﬁw atoms, red ianly, green (PO)H only, and blue
eq 5, yielding the parametels = 397(20) K,f,/f4 = 3.01(30)
x 1075 K=1 A2, and6(0) = 0.1093(61) A; the corresponding €xperimental wavenumbers (see Table 2; IR values quoted only
fits are shown in Figure 2a. In Figure 2b, the bond lengths from for ease of comparison).
MD simulations are compared with curves derived from the ~ While itis not possible to analyze individual modes, as with
fits with o = 1.2259(28) A. The values 6fc, f2/fs, and 5(0) a normal-mode analysis, Fourier transformation of the autocor-
are all larger than the corresponding values obtained from therelation function of the forces for selected groups of atoms
experimental results by factors of 1.3, 2.8, and 1.9, respectively. allowed the main features of the spectra to be identified. An
The agreement is at least within an order of magnitude, however,example of the plots obtained from the lowest temperature
and this should be taken as an encouraging sign that thesimulation (ca. 40 K) is given in Figure 5, where the black lines
phenomenological theory is consistent with both experiment and are the signals obtained for all hydrogen atoms, the red lines
MD simulation. are for the NH hydrogen atoms only, green lines show the
In principle, eq 4 could contain linear and/or cubic terms to hydrogen atoms associated with the phosphoric acid OH groups
capture any asymmetry that may exist in the potential. In not involved with the short hydrogen bond linkage (i.e., standard
practice, including these terms offered no significant improve- hydrogen bonding), and the blue lines are those associated with
ment to the fits, and the corresponding coefficients were the short bridging migratory H atoms only (see Supporting
essentially zero within the statistical uncertainties. This could Information for other element plots). Hence, although we cannot
be taken to mean that the asymmetry in the potential is weak; positively identify the symmetry coordinates for each peak in
however, it should be noted that our fits are based on measuredne spectra, we can block out regions of the spectra to particular
values ofd > 0 only, and hence we have no direct information 9roups of atoms or functional groups. In the lowest temperature

0 1000 2000 3000 4000
Wavenumber (cm")

regarding thed < 0 portion of the potential. spectrum we can clearly see two peaks for the, Mdrogen
o . atoms at approximately 3510 and 3285 ¢nfsee Figure 6a),
4. Vibrational Spectra from Molecular Dynamics which we can confidently assign to the asymmetric and

In general, our calculated set of vibrational frequencies SYmmetric stretching modes, respectively. In the highest tem-
obtained from the MD simulations proved to be an excellent perature simulation (ca. _335 K), these ban_ds sh|ft_closer together
match with the experimental variable-temperature IR/R study and appear to coalesce in a broad peak with maxima 3436.cm

of Barnes et al®,with many of our signals within £2% of the The infrared reported values appear to be unaffected by the
change in temperature, but at 3450 and 3320'cagree very

(8) Chaikin, P. M.; Lubensky, T. GPrinciples of Condensed Matter Physics ~ favorably with our computed values.
Cambridge University Press: Cambridge, 1997. il ; ; _
(9) liczyszyn, M. M.; Ratajczak, H.; Barnes, A.Jl. Raman Spectrost992 The standard hydrogen bonds linking phOSp_honc acid m0|
23 1. ecules together (see Figures la and 6b) give rise to a series of

4046 J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005
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(a)
0 1000 2000 3000 4000
Wavenumber (cm™)
(b)
0 " 1000 2000 3000 4000
Wavenumber (cm™)
(c)
0 1000 2000 3000 4000

Wavenumber (cm’™)

Figure 6. Calculated vibrational spectrum for UPA H atoms only (a)JINH
(b) POH standard H bonded atoms, (c) short bridging H atoms. [black 39.9-
(1), red 127.2(4), green 225.2(6), and blue 337.0(9) K].

broad peaks between 2300 and 3000 tfmaxima 40 K: 2725
cmL; 335 K: 2790 cm?), which reside in the region tradition-

rise to a complex splitting pattern [due to strong coupling with
v(O-++0)] in the low-frequency region 868300 cnt?. Fillaux

et all® also observed complex anharmonic coupling in an
inelastic neutron scattering study of potassium hydrogen maleate
which also contains a short (although in this case intramolecular)
O---H---O bond. They reported the in-plan® @nd out-of-plane

(y) bends at 1650 and 1250 cfand a complex asymmetric
stretching modes() that splits into multiple components over
the region 1306500 cn1?, all of which is comparable to our
calculated values for UPA. In assigning our three calculated
bands for the ©@-H---O linkage, we support Barnes'’s assign-
ment of the strong peak recorded on the 20 K spectra at
approximately 1510 cri as the in-plane bend. Although we
are overestimating the experimental assignment by some 10%
(see Table 2), given that we know that our calculated geometry
overestimates the asymmetry of the ®l---O bond by a factor

of 2, a 10% error margin is in all likelihood to be expected.
Our prediction for the out-of-plane bend to appear at about 1460
cm™! (40 K) has no obvious match with an experimental band
in this region, but we must take into account the weak nature
of the signal. Finally, we propose our third calculated peak (ca.
1100 cnm?) to be the asymmetric stretch, which finds consis-
tency with Fillaux’s work, and is also in the right ballpark for
the IR/R study of Barnes. It is also consistent with spectroscopic
and computational studies of the triatomic bihalide anion
[FHF]~, which showed that the stretching frequency for a short,
strong bond broadly similar to our-€H—0O system can be
extremely low!! Finally, it is also of a similar magnitude to a
recent computational study of the short intramolecular i@

+-O bond in picolinic acid?

5. Discussion

If the PW-DFT MD simulations are indeed mimicking the
experimental PES for UPA adequately enough, then it stands
to reason that the explanation for proton mobility must be
present in our calculated spectra. Our spectra are free from
selection rule constraints, giving rise to very weak signals and,
of course, the overtone and combination bands that would add
a significant level of complexity to the experimental spectra of
a strongly hydrogen bound system. Our data also allow us to
make block assignments of regions of the spectra to different
groups of atoms. Taken together, this greatly simplifies the
analysis of the vibrational assignments. But is should also be
remembered that there are limitations in our calculations. For

ally attributed to hydrogen bond stretching modes and is broadly instance, the optimized volume for the unit cell used in the MD

consistent with the experimental assignments. A series of sharpe
peaks, presumably the in- and out-of-plane bending modes, atg

1225, 975 (40 K), 1240, and 910 cM(335 K) closely match
the experimental values (see Table 2).

The three short bridging modes calculated to lie at 1660, 1460
1100 cnt (40 K) and 1715, 1390, and 1120 (335 K) (Table 2,
Figure 6¢) are not, however, wholly consistent with experiment.
The IR/R signals would be expected to be very weak, making
their assignment difficult: the almost linear<H---O linkage

Simulations was obtained from the equilibrium (i.e., 0 K)
tructure. Since the cell would be expected to expand slightly
on heating, the simulation is effectively performed at higher
than ambient pressure. This would presumably have an effect

ron the measured vibrational frequencies. It should also be

remembered that the calculations have at their heart density
functional theory, with all the known limitations that this method

poses. Calculations therefore do not model dispersion forces
and refer to the electronic ground state at all times. But this

tends toward symmetric as temperature is increased, resulting, g ment can also be turned on its head: despite the limitations

in a weak (and decreasing) dipole or polarizability change.
Additional coupling between modes with a strong anharmonic

potential would be expected to further complicate the spectrum.

Barnes tentatively assigned the-@---O in-plane §) bending
mode to 1556-1500 cnt?, the out-of-plane ) bend in the
region 906-600 cn?, and the asymmetric stretch as giving

in our simulation, our data do support proton migration with
temperature, albeit to a slightly lesser degree than measured

(10) Fillaux, F.; Leygue, N.; Tomkinson, J.; Cousson, A.; Paulus,Ghem.
Phys.1999 244, 387.

(11) Kawaguchi K.; Hirota, EJ. Chem. Phys1987 87, 6838.

(12) Panek, J.; Stare J.; HadP. J. Phys. Chem. 2004 108 7417.
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experimentally. Some explanation for this phenomenon must with the NH, stretch and & H standard hydrogen bond stretch,
therefore be tantalizingly locked up in our simulated data. respectively.

To this end, analysis of the calculated vibrational spectra  Although the experimental variable temperature spectra have
yields patterns that may (or may not) be coincidental. The been available in the literature for some time, the bridging proton
highest bridging mode shifts from 1660 to 1715 ¢nas the vibrational modes are too weak in intensity to be assigned
temperature is increased (see Figure 6c¢). This high-temperaturexperimentally with much degree of confidence. This possible
bridging mode will have a first overtone band of 3430 Eém  explanation could therefore only be obtained from theory.
which is exactly degenerate with the calculated high-temperature Although we cannot definitively show that our tentative model
NH; stretch (see Figure 6a). Similarly, the second bridging mode for proton transfer is supported by the experimental frequency
shifts from 1460 to 1390 cr; the first overtone of this band  assignments for UPA, we can turn to other related systems, such
is coincidental with the maxima of the broad-@® standard  as the deuterated analogue to see if that too shows proton
hydrogen bond stretch at 337 K (see Figure 6b). It is tempting migration. This work is currently underway.
to speculate that the reason for proton migration could be
attributed to subsequent couplings between these modes. At Acknowledgment. C.A.M. is grateful to The Royal Society
present, we cannot comment further on the nature of this for the award of a University Research Fellowship and to the
possible interaction, that is, whether there is a sudden shift in University of Edinburgh, School of Chemistry, for funding.
geometry as the frequencies approach degeneracy or whetheM.M.S. is grateful to the University of Edinburgh (Schools of
the effect is a slow, steady drift. This analysis would require Chemistry and Physics) for the award of a Research Studentship.
many more MD data points, or an appreciable reduction in the We thank Dr. C. R. Pulham and Dr. D. R. Allan (School of

. during the preparation of this manuscript. This work was carried
6. Conclusions out using computational facilities supplied by EPCC at the

In this article, we have demonstrated that the PES obtained University of Edinburgh.
from experimental for the short hydrogen bond in UPA i . .
om experimental data for the short hydrogen bond U S Supporting Information Available: Calculated vibrational

temperature-dependent. We have reported results obtained for . .

. . spectra obtained for non-hydrogen elements in UPA and
four PW-DFT MD calculations that also support proton migra- complete set of coordinate files (RTF format) obtained in the
tion. On the basis of calculated vibrational spectra obtained from four[li/ID runs re ortedlin thisl artiéle This mat)erial isl, availlable
the simulations, we suggest that a possible explanation for thefree of charae vFi)a the Internet at hft /Inubs.aCS. or
proton migration effect is due to coupling between the first 9 p-/lpubs.acs.org.
overtone bands of the in-plane and out-of-plane bridging modesJA0433272
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