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We report resolution-enhanced magic-angle sample spinning (MASNMR studies of the paraelectric
antiferroelectric phase transition (& = 373 K) of the model hydrogen-bonded compound squaric acid
(H.C40Q,). Utilization of single crystals in the MAS measurements yielded a factor of 4 decreaselif®the
NMR line widths, as compared to powder samples. All four oxygens were clearly shown to be chemically
different atT < Tc. This was akin to'®C spectra, but thé’0O peaks are much more dispersed. The peak
assignment was supported by quantum theoretical calculations &fQhisotropic chemical shifts using a
pentamer model of the crystal structure beldw On raising the temperature, the four peaks merged and
became a narrow doublet aboVg, in contrast to a singlet fol®C. Also, the mean position of the doublet

was not the average of the four low-temperature peaks. This observation suggests that the phase transition
involves a distortion of the whole 48,0, framework, and not just the ordedisorder rearrangement of the

H's i.e., future models of the transition should include a displacive component, in addition to ar-order
disorder part. The observation of the doublefTat Tc implies that the two GH...O chains retain their
difference in the paraelectric phase as well. This is consistent with the one-dimensional Ising chain model,
according to which the SQA lattice should be visualized as a mesh of two distinct and orthogonal one-
dimensional chains, in contrast to the more prevalent two-dimensioial €juare-lattice model.

1. Introduction H 2
Many hydrogen-bonded solids exhibit cooperative phenom- X ,;:i
2

ena, such as structural phase transitions, accompanied by /01 02 PN i

anomalous changes in many thermodynamic, dielectric, andH,I

lattice-dynamical properties whose underlying (atomic level) 1 [—]2

mechanism is generally not well understdoé.An example

of such materials is the simple organic compound squaric acid, 4 3 \
1,2-dihydroxy-3-cyclobutene-3,4-dione;E40,, henceforth SQA, /7 \\

whose structure is shown in Figure 1. In this work we report O @)

on a very high resolution, variable temperatuté) NMR 4 3

investigation of the paraelectri@ntiferroelectric phase transi-

tion in SQA at itsT¢ of 373 K! The phase transition involves (a) (b)

mainly the localization of the H’s in the-©H...O bonds which

hold the lattice together as essentially a two-dimensional sheetFigure 1. Structure of squaric acid: (a) skeleton (b) a hydrogen-bonded
of C404 squares, held together in three dimensions by weak Pentamer.

van der Waals forces. AT > T, SQA has an averag€sn
symmetry, with the H’s occupying positions, on a statistical
basis, at the middle of the-€H...O bonds. Afl < Tc, the H's

are locked close to one or the other O’s, the symmetry is thus
lowered and the unit cell acquires an antiferroelectric config- . . ",
uration of the electric dipoles on the€4O, units in the lattice. structure, dynamics, and the nature of this phase transfish.

Since the discovery of its phase transition, SQA has been studiedHowever’ much of the earlier work has focused on the role of
. o y P . T : the C and H sites; and the role of the O atoms has remained
theoretically™ as well as experimentally, including by tech-

pretty much unexplored. The exception is f® NQR study
— . by Seliger et al2® whose major result was that the low-
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Festschrift”. :
* Corresponding author. of the reasons for the lack of the experimental data on the
* Department of Chemistry and Biochemistry, Florida State University. oxygen is that it is the naturally>99%) abundant isotop&O,

§ National High Magnetic Field Laboratory, Florida State University. has its nuclear spin + 0, and is thus NMR-inactive. With a
I'Universidad Autooma de Madrid. ’ ;

U Current address: Department of Chemistry, University of California, VieW to help remove this constraint, in the present study we
Berkeley, Berkeley, CA 94720. have explored the potential of magic-angle sample spinning

10.1021/jp0220478 CCC: $25.00 © 2003 American Chemical Society
Published on Web 03/28/2003

niques such as X-r&°and neutron diffractiof!12infrared3-15

and Raman scatterid§!”and solid-state NM&-22 and NQR23

In particular, high-resolution solid-state NMR measurements
have proven to be uniquely helpful for investigating the
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chemical shift as the probe in the study of the phase transition  ppm 350 300 250 200 150 100 50 O

in SQA. Because of the inherently very low signal-to-noise ratio

of 170 NMR (natural abundance 0.037%, = 5/2), our 8iSO (PPM)

measurements were made possible by uSi@gabeled samples,  Figure 2. 170 MAS NMR spectra of the central (1/2 —1/2) transition
especially single crystals. The use of single crystals improved of a *’O-labeled SQA in the form of (a) powder; (b) single crystal.
the spectral resolution by a factor of 4 (at least), which enabled Note the narrower peaks in (b). The peak numbering corresponds to
us to observe somec-related changes in the spectral features that in Figure 1. The sharp line at 105 ppm corresponds to a spinning
that were not observable via the standard (powder) MAS sideband.

measurements.

The initial impetus for the current study arose from the fact
that the mechanism of the paraelectrantiferroelectric phase
transition in SQA is still controversial. While much of the earlier
work has been discussed in terms of a two-dimensional erder
disorder model, recent evidence from neutron diffractiand
13C NMR dat& has suggested that the mechanism must involve
the order-disorder behavior of protons in two distinct, and
practically independent, one-dimensional (1-D) hydrogen-
bonded HG-C=C—C=0 chains. Thus, the thermally induced
flipping of the H, proton (see Figure 1 for notation), which is
part of the more conjugated hydrogen-bonded cRanight be
considered as the first step in the initiation of the phase
transition. This step implies a pseudorotation of the molecule
of 90° and the interchanging of the role of the &hd H protons. above thelc (372 K).

Consecutive pseudorotations along the two diagonal coordinates 2|:i dCoSmpAutatlolnal I\lﬂetho(gal.;lr']he moltecular gleortnetrﬁ/ of tht?
would result in a disordered structure beldw The other, more Isolate QA molecule an € pentamer cluster have been

) X o . : i
basic and unsolved question is whether the transition can bec’bt‘a"ni(fi using the B3LYP meth&#in conjunction with a
described as a pure ordetisorder type, with the proton 6-31G l_)a5|s set. Tp avoid the mterac’qon effects between the
dynamics playing the primary role, or whether displacive surroun_dmg SQA units, the two-dimensional pentamer structure
features, related to the concomitant distortion of th®Qunit, was op_t|m|zed fixing the hydrog_e n-bond angles given by_neutron
must also be taken into account, as stressed in a previous repo |ffract|on_ data at 15 K,but It_eavmg fr_ee t_he rest of coordmates_.
based on out’C NMR measure,ments and theoretical model- he details of the geometric optimization and related consid-
ing28 The present study is an attempt to answer at least a €'ations have been reported recefitiyhe isotropic NMR
significant part of these questions, based on botH-E@INMR nuclear shieldings'(O oiso) were calculated at the B3LYP/6-

) 35 :
and quantum mechanical calculations of the NMR data. 31G™ level using the .G|A64 method_. All computations were
performed with the aid of the Gaussian 98 progfdm.

The conversion to chemical shiftSQ o ;so) was done using
) o _ the experimentattheoretical linear correlation obtained from
2.1.170 Labeling. Squaric acid was purchased from Sigma the current results of SQA. Predictét chemical shifts for
and used as received. TR labeling was accomplished by e couples @O, and Q/O; obtained as’0 iso (01/O4) =
heating the dissolved compound in about 20@-labeled HO, X11(70/250)+ (1 — Xp1)(250/70) and7O digo (02/03) = Xpa-
in a closed vessel. The labeled water was obtained from Isotec.(115/285)+ (1 — X1,)(285/115), where ¥; and %y, are the

Both the labeled water and squaric acid were refrigerated until experimental proton occupancies from ref 4, or the double well
used. The mechanism for the isotopic exchange can be simplypotential occupancies belo® from ref 37.

rationalized as described in Scheme 1.

The isotope labeling was confirmed by mass spectrometry, 3. Results and Discussion
and was found to be about 15% (exact number not critical to  3.1. Resolution Enhancement from MAS Using Single
this study), sufficient for the NMR signal detection within a Crystals. Figure 2 shows some typicdlO NMR spectra from
few minutes. Thelc of the labeled sample was determined to 1’O-labeled samples of SQA powder (Figure 2a) and a single
be 372 K by independent specific heat measurements in ourcrystal (Figure 2b) in the low-temperature phase<(Tc). Itis
laboratory, using a Quantum Design PPMS Model 6000, with seen that both the powder and the crystal show four distinct
temperature accuracy of about 0.05 K. peaks, marked 1, 2, 3, and 4 in light of the numbering in Figure

2.2. NMR Measurements.The 17O magic-angle spinning
(MAS) measurements were made using a Bruker 600 MHz
wide-bore solid-state NMR spectrometer available at the
National High Magnetic Field Laboratory. TH&O resonance
frequency was close to 81 MHz, with the sample spinning at
12.5 kHz. The variable temperatures were achieved by nitrogen
gas flow, and controlled to within 0.1 K. The sample temperature
was checked using tHéC NMR procedure, based on the phase
transition itself, as described previougfy24-26 Both powders
and single crystals were used in the study; the crystal providing
narrower lines by a factor of about four. Spectra were ac-
cumulated at 10 K intervals from 300 to 350 K, above which
the temperature interval was reduced to 1 K, until about 10 K

2. Experimental and Computational Details
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TABLE 1: Comparison of Calculated NMR Chemical Shifts 170 NMR
from the Theoretical SQA Models with the Experimental
Data by High-Resolution Solid-State NMR Spectroscopy

170 NMR 13C NMRP
isolated pentamer expt isolated pentamer expt
O 65 89 70 184.2 187.1 187.0
(0} 77 95 115 186.9 187.8 187.7 .
Os 324 270 285 187.6 192.9 193.9 theory
Oy 311 261 250 193.1 195.0 194.3 pentamer

2 Experimental-theoretical linear correlatioHO 6 s, = 209— 0.64
10 0 iso (Sd = 25 ppm,R = 0.983).

1. The remaining peak(s) in Figure 2 are the spinning sidebands,
as was verified by the fact that their relative positions change
in proportion to the spinning frequency. The observed peaks
fall under two distinct sets: the more shifted peaks around 250
ppm can be assigned to the carbory0=1"0) oxygens, while 170 Chemical Shift (ppm)
the less-shifted doublet (around 100 ppm) can be assigned torigure 3. (a) Typical solid-staté’0 MAS NMR spectra of a SQA
the >C—1"0—H hydroxyl oxygens, in analogy with the earlier single crystal; (b) theoretically calculaté®® NMR spectrum for SQA
reported3C peaks from SQA&428 Further support for this using the pentamer model; and (c) theoretically calculat®dNMR
assignment was provided by our theoretical calculations, as Spectrum for isolated molecule of SQA by the GIAO-B3LYP/6-31G**
discussed in the following subsection. method.

Another noteworthy observation from Figure 2 is that the gcHEME 2
peaks in Figure 2b (single crystal) are narrower by at least a . . ~
factor of 4 as compared to those in Figure 2a (powder). The HOS#Se?® — HO O ©
mechanism of this effect is not understood at this point. At first
it appeared to be related to the reduction of the anisotropic bulk
magnetic susceptibility (ABMS) broadening, as described in
general by Van der Hart et &.However, the powder spectra
did not exhibit a significantly narrowing on dispersion of the
sample in silica, as would be the case if ABMS were the cause.
This question thus remains open at this time.

One can also note the much higher sensitivity ofilieNMR
to the effect of the proximity of the H, as compared to that of
the 13C, for this type of hydrogen-bonded system. For SQA,
the splitting within a doublet is about 30 ppm f80, but only
about 1 ppm in the case dfC.2428 This extra dispersion
enabled us to follow the phase transition in a much more precise
manner (vide infra) than was possible wittC.

3.2. Computational NMR Analysis and Peak Assignments.

monomer

T T T T T |
350 300 250 200 150 100 50 O

structure, as shown in Figure 1b, that includes a fairly complete
hydrogen-bonding network surrounding an SQA molecule. The
pentamer model, optimized at the B3LYP/6-31G** level, has
been shown to predict reasonably well the structural parameters
from neutron diffraction measurementk addition, we found
that for the pentamer case the calculaté@ NMR data
reproduced the experimental results, allowing an accurate
assignment of the spectral pedkdn the basis of these results,
we compare in Table 1 the experimental CP/MAS spectra of
single SQA crystal with thé’O chemical shifts for the central
molecule of the pentamer calculated by the GIAO//B3LYP-6-
31G** method. Clearly, the computationally predicfé® NMR
spectrum presents four peaks associated with the four different

As a first step in understanding the chemical shifts of SQA, we 9XYgen atoms (Figures 2 and 3). Indeed, the peaks at 70 and
calculated thé’O NMR parameters of the isolated (i.e., gas- 282 PPM can be assigned, respectively, oadd G atoms,
phase) SQA molecule, obtained by the GIAO method at the YWhereas those at 115 and 250 ppm are those frerand Q.
B3LYP/6-31G** level. The calculations yield four significantly 1 n€ Pentamer results also show that the effect of hydrogen-

different170 chemical shifts for the gas-phase compound (Table Ponding is to increase theéO diso values of hydroxyl oxygen
1). atoms and to decrease those of the carbonyl ones. These results

Clearly, this result implies that the electronic environment €an be simply attributed to the increasing contribution of the
(bonding) is distinctly different around each oxygen fragment "€sonance to the two HO—C=C—C=0O systems by the
of the asymmetric SQA ring. As expected, the two carbonyl Nydrogen-bond interactions (Scheme 2).
oxygens show much highe¥’O chemical shifts than the 3.3. Temperature Dependence of’O NMR Spectra. A
hydroxyl oxygens. major goal of this undertaking was to probe the possible change
Significantly, the!’O MNR signals corresponding to theeO  in the electronic structure of the oxygen sites as the sample
and Q oxygen atoms included in the more conjugateg-H  temperature is varied across the. Figure 4 shows the
0,—C,=C;—C,=0, chain are located in the middle of the temperature dependence of the spectra in the paraelectric phase
spectra (Figure 3). (aboveT) as well as in the antiferroelectric phase, beldw
These results are in contrast to tH€ chemical shift order On increasing the temperature the peaks move toward each other
found previoushy?, in which a lower!3C shielding was found  asT — T¢ from the low-temperature side. At higher tempera-
for C; and G, as compared to Land G. These findings are  tures, close td, the peak separation decreases, and within about
explainable on the basis that the resonance along-tenju- 2 K of the T, they merge to a narrow doublet with about 10
gated double bond system leads to an increase of the electrorppm separation (Figure 5). It is noteworthy that the location of
density around the carbonyl oxygen and conversely a deshieldingthis doublet isxotthe average of the four low-temperature peaks;
of the hydroxyl oxygen as well as to some extent both carbon this point is discussed in detail in the following section. We
atoms. tried several crystal orientations in the MAS experiments with
For a more realistic comparison of the theory with i@ the view of eliminating the crystal orientation effect, but could
NMR measurements, we extended the calculations to a pentamenever get the double splitting to lower than aboutl® ppm.
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Single Crystal 1770 MAS NMR Squaric AcdT>T,
Vr=81MHz Vs =12.5 kHz 170 MAS
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Oiso (PP
] ks (PPH) that the structure of SQA at temperatures ugdactually is a
Figure 4. Temperature dependence 0 MAS NMR spectra of dynamic average of the lowC()-symmetry structures made
single-crystal SQA. possible by placing the H’s in two different-€H...O bonds. It

may also be noted that the doublet structure persists to at least
20 K above theT.. One another finding is that thk observed

Coalescence of170 Peaks

300‘ (@ here from1’0/*0 samples and MAS NMR measurements
E7| mm = coincides essentially with that determined V& NMR
& 250 N =m = u : " spectroscopy?—28 and also with the original birefringence déata.
& L "o This is in contrast to earlier reportédO NQR result$? that
& 200 IR detected the low-symmetry to high-symmetry_ change at about
s - 20 K above the thermodynamig. The underlying reason for
‘€ 150~ . this discrepancy might be related to the time-scale of the present
2 " am o= =" .- NMR vs NQR techniques, but this seems unlikely and needs
O 100~ , " further examination. Finally, there is the interesting observation
50' A N I in Figure 3 that over a few degree range aroligdignals from
325 345 365 585 405 the paraelectric and antiferroelectric phases are simultaneously
—_ Temperature (K) present. This is reminiscent of what was found in the earlier
5 300~ (b) 13C NMR studieg*26 and is consistent with the fact that the
= el ©o0o0o . SQA phase transition is complex: it is essentially of the first
= 280”5600 e order, but exhibits some features of a second-order type.
& 200|- ® . a = - The above-discussed peak coalescence is reminiscent of a
E L . = - similar observation of peak coalescence in our eadi&
o 150 a " chemical shift datd.This can be understood by invoking a time
O -t oooo . averaging statistical contribution from a carbonyl and a hydroxyl
E 100 = group with different hydrogen-bond environments of the
S | oo ‘:’]E' | | | partially disordered SQA structure. This was similar to the
E;.'_j O s 35385 405 pseud(_)rotatlon mechan!sm p_roposed for_ the proton motion by
Temperature (K) Semmingsen et &lApplying this hypothesis to the case 60

Figure 5. (a) Temperature dependence*@® chemical shifts of SQA HMRh thlz enwronme(rj]tslof ﬁl)and ?“ afterfthﬁ pro(tjon fg;)ﬁlojf
obtained by solid-state high-resolution NMR measurements; (b) 12 Should correspond closely to those of the orderg

predicted’0 chemical shifts for the couples®, and GQ/O; obtained Oy sites, respectively. In addition, the initiak @nd G gradually
applying the temperature-dependent site occupancies for hydrogenobtain Q and Q character, respectively, through su¢#®0°
atoms as fractional functions of the carbonyl and hydroxyl contributions pseudorotation. In Figure 5 we present #%@ chemical shift

to 170 NMR signals. of SQA obtained applying the refined site occupancies for the

This was also then verified by MAS measurements on powder Nydrogen atoms, obtained at different temperattifesid also
samples (Figure 6). the occupation probabilities of the double-well potential given

As can be noted from Figure 6a, a doublet splitting of a Samuelsen et &) as fractional function of the carbonyl and

similar magnitude is found also for the powder samples. Hence hydroxyl contributions to thé’O chemical shifts. We observe
we conclude that the splitting in not an artifact of crystal that the pseudorotational model predicts the emergence of two
orientation in the MAS measurements. Disregarding the actual Peaks in the middle zone of tHéO NMR spectra abové,
amount of this doublet separation, it is important to note that Supporting the postulate that the two chains of the compound
the presence of this doublet @twell aboveT,, rather than a  retain their difference at > Tc.

singlet implies two different electronic environments for the 3.4. Temperature Dependence of the Average Value of
oxygen atoms in the paraelectric phase, i.e., it is direct evidencel’O Peaks.An important objective of this study was to assess
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Figure 7. Temperature dependence of the avefd@a)so in the close
vicinity of the paraelectrie-antiferroelectric phase transition of SQA.

whether the transition mechanism involves only the order
disorder behavior of the H’s or if it involves also some displacive
contribution, as discussed earlier in connection with @
data?~28 This was accomplished by measuring the change in

the shift obtained by averaging the positions of all the peaks in

J. Phys. Chem. A, Vol. 107, No. 18, 2003475

than a singlet al > T., together with the fact that the higher
temperature peaks are not at the algebraic average of the four
low-temperature signals, implies that the transition mechanism
consists of both an ordedisorder and a displacive component.
We thus believe that this study will stimulate significant new
theoretical as well as experimental investigations.
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