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Hydrogen bonding plays a critical role in proton-conducting polymers, as it provides the network
necessary for structural (Grotthus mechanism) diffusion. This network must be both pervasive and dynamic
in order for long-range proton transport to be achieved. The structural motifs must be understood, even
in amorphous materials, and moreover, the lattice energies in the structure must be low enough to allow
rearrangement and mobility. To this end, a novel proton-conducting candidate, Ihitbritlazol-5-
yl)decanephosphonic acid and its HBr doped counterpart are considered from the molecular level as
potential proton-conducting membranes. The use of high-resolution solid!stat8R to elucidate
structure and dynamics of such systems is highlighted in this material. We compare our molecular-level
results to macroscopic probes of proton transport in related polymers, achieved using impedance
spectroscopy.

Grotthus (structural diffusion) mechanism at a rate which
can compete with proton transport in a highly humid
environment. This is a lofty goal, and as yet, no material
has been prepared which can meet these demands in the
absence of significant hydration or an acid dopant.

To achieve a liquid-free membrane candidate, heterocycles
tethered to polymer backbones are targeted. Heterocycles
themselves, including imidazole, fluorinated imidazole, and
d’midazolium salts, have been studied extensively to charac-
terize the energetically costly steps in the Grotthus mecha-
nism> Ethylene backbones with imidazole or vinazene
functional units, as well as imidazole rings tethered to
ethylene oxide, styrene, or siloxane chains, have been
prepared and characteriz€dPolymers which incorporate
¢imidazole groups complexed with free phosphonic acid, or
copolymerized as 4-vinylimidazole plus vinylphosphonic
eacid, have also been considerédOur study focuses on a

Introduction

The ongoing search for inexpensive, durable proton-
conducting membranes for fuel cell applications has moti-
vated the development of several novel polymeric systems
in recent year$. Many of these involve sulfonation of
aromatic polymers, creating polymers that mimic the proton-
transport mechanisms of the perfluorinated ionomer, Nafion,
in which high humidity is importart. To increase the
operating temperature of fuel cells, membranes are neede
which are able to operate under moderate temperattEs)
°C). To achieve this, polyelectrolytes which conduct inde-
pendent of high humidification are required. The closest
competitor to Nafion are the phosphoric acid-doped poly-
benzimidazolesand polyphosphazenésihile these and
related aromatic polymer systems have received a lot o
press, the high molar ratio of acid to polymer makes such
systems susceptible to acid leaching, and thus not ideal. Th
synthetic challenge is to create a covalently tethered proton
solvent which will allow proton conductivity through a
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Figure 1. Molecular structures of (a) 1,10-H-imidazol-5-yl)decanephosphonic acid (Imi-d-PA) and (b) 1,1®4{thidazol-5-yl)decanephosphonic acid
HBr complex, and (c) poly(VPA0-4-VIm).8

novel, dual-functionality molecule, 1,10-f-imidazol-5-yl)- water within fuel cells themselvé$.Here, we establish a
decanephosphonic acdldyhich incorporates both imidazole  packing motif for Imi-d-PA using a series of homonuclear
and phosphonic acid groups, covalently tethered via a flexible and heteronuclear correlation experiments to ascertain the
decane backbone. This material (hereto called Imi-d-PA) was hydrogen-bonding structure based on the observed couplings.
synthesized by coauthors in Italy and is characterized here.High-resolution solid-statéH NMR spectra are acquired
Critical to the performance of this new material are both its under fast magic angle spinning conditions, up to 60 KH¢.
structure and its proton dynamics. These fundamental These conditions are sufficient to achieve excellent spectral
properties will govern the mechanism of proton transport resolution in the hydrogen-bonding region of the spectrum.
and are therefore important to further materials development.*H—H double quantum filtered (DQF) 2D spectra are used
The questions we answer here are, first, what is the solid-to assign through-space (dipolar) couplings within the
state structure of this material, and second, is that structurehydrogen-bonded netwo?R1”:*8For protons which are rigid
conducive to long-range proton transport? For comparison, on the time scale of the experiment] rotor period,r;),
we include the HBr complex of Imi-d-PA, as its propensity their dipolar couplings are not motionally averaged, and any
for efficient proton conductivity surpasses its undoped correlations to neighboring protons are observed through
counterpart. The structures of the molecules of interest arecorrelations in the double quantum dimension of the 2D
shown in Figure 1. The structure of a related copolymer, spectrum. As a first test, the relative mobilities of protons
formed of vinylphosphonic acid and 4-vinylimidazole, poly- can be deduced from the response of the material to a 1D
(VPA-co-4-VIm), is included as Figure 1c. This polymeris H MAS versus a 10H DQF sequence. Resonances which
used for comparison since conductivity data are available are removed (filtered) by the latter are considered mobile in
for this materiaf The first notable feature of Imi-d-PA is  the time frame of the pulse sequeri€e.
the number of potential hydrogen-bonding sites: two donors  ThelH—1H 2D DQF data are correlated with heteronuclear
and three acceptors. This may result in a rearrangeableiy—13c 14—31p gndiH—15N spectra acquired under fast
hydrogen bonding structure. Second, the flexible backbone magic angle spinning and variable contact times. The latter
may provide local mobility, facilitating ring reorientation.  experiments are driven by dipolar coupling strengths, which
These possibilities are investigated using advanced solid—provide the magnetization transfer from the abundéj (
state NMR methods. spins to the heteronuclei. In this way, the combination of
techniques allows for a jigsaw puzzle-solving approach to
Methodology linking up the pieces of the molecules into a cohesive picture
of the structure, based on the most general assignment of
the constraints provided by the experimental data. Overall,
a complete picture of the local packing is obtained. This is
similar to the approach used for solving complex protein
structures using NMR spectroscopy. Here we have in this
case additional challenges due to the lack of isotopic labeling
or enrichment, and the lack of long-range crystallinity in the
sample. Variable temperatutel NMR studies are used to
characterize proton mobility in both pristine and HBr-doped
materials.

Solid-state NMR is a highly effective tool for probing
structure and dynamics in amorphous hydrogen-bonded
materialst® More specifically, NMR techniques have been
used to characterize many features of proton-conducting
membranes for fuel cell applications, includitfC NMR
of backbone dynamics, 3P NMR of phosphoric acid
dopants? 'H NMR of proton dynamics in hydrated Nafion
and S-PEEK membrané%,and *H NMR microscopy of
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Figure 2. Proposed solid-state packing motif for hydrogen bonding in Imi-d-PA, including asymmetric bonding at the imidazole rings. This proposed
structure will be verified using solid-state NMR data and tested for proton mobility within the extensive hydrogen-bonding network usingerapebééure
NMR studies.

(a) H 25 kHz MAS (b) H 25 kHz MAS

A B C DEFG
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Figure 3. Solid-state'H MAS NMR spectra of (a) Imi-d-PA and (b) Imi-d-PA-HBr. The top spectra are acquired at 25 kHz MAS on a 500 MHz AV
spectrometer, using a 2.5 mm outer diameter rotor, contairib@ mg of material. The middle spectra are acquired at 60 kHz MAS on a 600 MHz AV
spectrometer, using a 1.1 mm outer diameter rotor, contairiiigng of material. The bottom spectra are acquired at 60 kHz MAS, using the rotor-
synchronized double quantum filtering sequence. Proton resonances are labeled and clad3e@prasent hydrogen-bonded protons; & represent
aromatic protons, and H represents aliphatic protons.

Results and Discussion are 4.4 kHz at 25 kHz MAS and 1.3 kHz at 60 kHz MAS,
Wing the | ber of , h respectivel\:>2° This is due to the strength of the homo-
Applying the least number of constraints to the system, nuclear dipolar coupling between protons bound to the same

we begin ,With a static, asymmetric pac!dng arc_)und Fhe carbon. The dramatic narrowing of this signal by MAS at
imidazole rings. The structure is shown in Figure 2, including 60 kHz is critical to the success of this study. Without this,

all possible hydrogen-bonding contacts. First we show that the resonance would overlap the structurally significant

Lhed data akl)cquoll_red supports the ex(ljstence 0; th'z CEmplhe_xresonances in the aromatic and hydrogen-bonding regions,
ydrogen bonding structure. Second, we probe whether t ISmakingacomplete assignment impossible. Resonaneé&s A

structure is capable of transferring protons within th_e are attributed to hydrogen-bonded protons, and resonances
hydrogen bonded network, whether by phosphonate rotalioNe_ are attributed to aromatic protons at this point. This

or imidazole ring flipping. ~ assignment is based on the chemical shift ranges of the peaks
Figure 3a shows thiH solid-state NMR spectrum of Imi-  j; question (H-bonding from 18 to 9 ppm, aromatic from 5
d-PA, acquired under 60 kHz MAS. Relative to a solution- {5 8 ppm) and will be supported or disproved by the
state spectrum in which the hydrogen-bonded protons arefg|iowing studies.
invisible due to rapid exchange, the solid-state MAS
spectrum includes many resonances in the hydrogen-bondingS
region, indicating immediately a complex packing structure.
The assignment of these resonances forms the crux of the

_ ; ; ; ; (19) Note that the heating effects induced by spinning have been calibrated
argument for the hydrogen bond'ng motif. At this point, the to be less than 15C on the 1.1 mm probe, which is fitted with a gas

proton resonances, labeled-Al, are generally classed as cooling line, and 1C°C on the 2.5 mm probe; thus, the spectra are

follows. Resonance H is assigned to the methylene protons  acquired at sample temperatures withiiG of each other, and the
. . . line narrowing is attributable to MAS averaging alone. Also, all sample
of the decane backbone. We note that the line width of this temperatures reported for the 2.5 mm probe (25 kHz MAS) have been

resonance is extremely sensitive to spinning speed, as calibrated using a Sm3@; chemical shift thermometer.

. . . (20) (a) Langer, B.; Schnell, I.; Spiess H. W.; Grimmer, AJRMagn.
illustrated in the difference between the top spectrum and Reson1999 138 182. (b) Grimmer, A-R.: Kretschmer, A.; Cajipe,

middle spectrum of Figure 3a, where the aliphatic line widths V. B. Magn. Reson. Cheni997, 35, 86.

The bottom spectrum in Figure 3a shows the 1D DQF
pectrum acquired for Imi-d-PA at 60 kHz. From this we
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the labeling of theH MAS NMR spectrum from Figure 3.

can directly conclude that none of the protons are mobile at
this temperature, on the time scale of the experiment<1
20 us), as all proton resonances observed in the 1D MAS

T 1 T
60 40 20 Cppm

spectrum are also observed in the 1D DQF spectrum. The c5C2 c4 C6-16
same is true of the HBr complex at this sample temperature, © 1

where the analogous spectra are shown in Figure 3b. In the LAV | 'H ppm
solid state, the imidazole rings exist as imidazolium. The i L F-10
imidazolium cation exists because the basic site in the solid :: \ ' E 5
state is protonated and forms a hydrogen bond. The acidic Lo

site of the imidazole will also form a hydrogen bond with - f--- 1 °
another basic site. Formation of two hydrogen bonds will -im- :0: ettt . &'
spread the positive charge over the imidazole ring, while a i I i F 10
net negative charge can be attributed to the phosphate. The _ H_ _ :_ _________ N T
Imi-d-PA is already zwitterionic in the solid state because o I

the acidic and basic ends of the molecule will form hydrogen
bonds. Therefore, relatively small changes inftHespectrum
are observed upon addition of complexing HBr.

140 120 100 80 60 40 20 °C ppm
Figure 5. 2D IH—13C heteronuclear correlation spectra acquired under 25
kHz MAS, at 500 MHz tH resonance frequency), using cross polarization
HeteronucleatH—13P 2D correlation spectra are utilized ~contact times of (a) 0.5 ms, (b), 3 ms, and () 6 ms. In all cases, contours
.. . . . L. are calculated from 10% of the maximum intensity, using an increment of
to distinguish which hydrogen-bonding moieties include the 1 5 gver 18 contours. The inset shows the molecular structure of Imi-d-
phosphate group and which do not. An example spectrum iSPA, with the carbons labeled numerically. Correspondi@assignments
shown in Figure 4. A SIngl€®P resonance is observed, 8 SYehor et o Snedus Careiuors o s e neaed and
consistent with an earlier report of the B spectrum of
this compound. There are correlations to four types of rings. Further confirmation of this assignment is available
protons. The strongest, but least informative, is ¥ie-H from the'H—13C 2D correlation spectra.
correlation, which is strong due to the large number of The!H—13C 2D correlation spectra are shown in Figure
methylene protons contributing to this resonance. More 5. As the contact time for the cross polarization step is
informative are the correlations to protons B, C, and D. B increased, the distance between the protons and the carbon
and D are directly visible as maxima in the contour map, nuclei contributing to the spectrum increases. Through a
whereas C is evident upon detailed inspection of the slicesmethodical examination of these spectra, an assignment of
making up the map. The projection shown on the left of the the!3C chemical shifts and a confirmation of the assignment
spectrum gives a clear assignment of the proton resonancesof proton resonance A are obtained. At the shortest contact
Most important in this data set is the absence of a correlationtime of 0.5 ms, Figure 5a, contacts are observed for directly
between proton resonance A and the phosphorus site. Thisconded C-H units, including the decane backbone, and the
was true regardless of the contact time for the cross aromatic CG-H groups. Lengthening the contact time to 3
polarization step of the experiment. Therefore, three of the ms, and then to 6 ms, allows us to observe all'tie-°C
H-bonded resonances can be attributed to hydrogen bondgontacts, including the important correlations between the
involving the phosphate group, whereas resonance A isaromatic carbons and the hydrogen-bonded resonance A. The
assigned to a hydrogen bond between the two imidazoleformer is consistent with our earlier assignment of resonance
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Figure 6. HomonucleafH 2D double quantum filtered NMR spectrum
of Imi-d-PA acquired at 60 kHz MAS, with correlations to aliphatic
resonance H labeled.

A to a hydrogen bond involving two imidazole rings, and
no contact to the phosphonate. Moreover, the relative
strengths of théH—3C couplings of C2 and C5 to proton
resonance A allow us to further assign the orientation of N1
and N3 unequivocally. As N1 is covalently bonded to its

Chem. Mater., Vol. 18, No. 20, 28061

ally. Contacts to the backbone protons are shown in Figure
6 only, for simplicity. The short contacts attributed to each
resonance are shown in Figure 7, with the accompanying
structures below.

Dipolar coupling partners for proton resonance A include
a correlation to the aliphatic backbone-{M) and to the
aromatic resonance (AE). These correlations, together with
the absence of resonance in e3P CPMAS spectrum,
support the assignment of a hydrogen bond between imida-
zole rings with the nitrogen at the first position (N1) donating
a proton to a nitrogen atom in the tertiary position (N3) on
another imidazole ring (N2H---N3).

Proton resonance C at 11 ppm is nicely separated from
the neighboring resonances and is involved in three dipolar
coupling contacts. The-€H contact to the decane chain and
C—E contact to the aromatic ring locate the proton on the
imidazole ring, while the strong-€B contact gives a clear
intramolecular contact to an adjacent hydrogen bond on the
phosphonate group. This, together with the-3'P correla-
tion for this resonance, provides the assignment of this proton
to a hydrogen bond from the phosphonate group to an
imidazole ring.

In contrast to resonance C, proton resonance B has many

proton, it provides a shorter distance and stronger dipolar dipolar coupling partners. Nevertheless, a full assignment is
coupling between its proton and both C2 and C5, whereasobtained (shown in Figure 7b), including in particular the

the longer N3---H distance results in a weaker coupling of

B—C and B-D resonances, which indicate correlations

this proton to carbons on its imidazole ring, such that no between the B proton and the other hydrogen-bonded protons
correlation to C4 is observed. These spectra therefore provideon the same phosphonate group. This intriguing correlation
strong confirmation of the asymmetric hydrogen bonding is further discussed below. Further, the relative strengths of

around the imidazole ring.
After the correlations between protons and their neighbor-

ing heavy atoms are established, the next data to conside

are the correlations among the protons themselves. Homo
nuclear *H 2D double quantum filtered (DQF) spectra
provide these critical details of the packing structure. Figure
6 shows the 2D DQF spectrum of Imi-d-PA acquired at 60
kHz MAS. The spectrum was acquired using the Back to
Back, or BaBa, pulse sequence, which is known to be a
robust sequence under fast magic angle spinhiftfFigure

6 shows the full spectrum, including the strong self-
correlation between the Ghbrotons, on the diagonal in the
top right of the spectrum. Figure 7 shows the hydrogen-
bonding region of the same spectrum. To briefly summarize

the interpretations of these spectra, the resonances in thg1

direct (single quantum) dimension match with those in the

one-dimensional spectrum (Figure 3a), whereas the reso-
nances in the indirect (double quantum) dimension occur at

the sum of the single quantum frequencies of the dipolar
coupled pair. Thus, correlations between like protons are
found on the diagonal and correlations between unlike
protons occur on either side of the diagonal, at the corre-
sponding double quantum frequency.

The interpretation of this spectrum is systematic, and yet
involved. The assignment resulting from these spectra
confirms that four types of hydrogen bonds are found in the
packing arrangement of Imi-d-PA, consistent with the most

the B and C correlations allow us to localize proton C on
the N1 site in the imidazole ring. The doubly bonded oxygen
O=P) of the phosphonic acid is acting as the accepting site
for the hydrogen bond. The N1 proton is a weakly acidic
site while the double-bonded oxygen=®) is a weakly
basic site. The proton resonance G has a very similar
chemical shift to F. It is well-resolved as a correlation.

We tentatively assign resonance G to a ring-current effect
on the neighborhing protons; however, this is somewhat
unclear. The lack of other couplings to this resonance (hetero
or homonuclear) preclude a more exact assignment. The
weak B-B autocorrelation is attributed to a long-range
coupling to a chemically equivalent, B proton through
packing effects.

Proton resonance D is relatively simple to consider, as it
as few contacts. The contact to the decane backbone (D
H) is clear. Particularly informative are the diagonal reso-
nance D-D and the D-B coupling. The former represents
a contact to a proton in an identical environment, which is
satisfied by a dipolar coupling to the equivalent proton on
its phosphonate hydrogen-bonding partner, as illustrated in
Figure 7d. The latter, BD coupling, indicates a correlation
to an adjacent hydrogen-bonded proton on the same phos-
phonate group. This resonance is unique, as it represents a
bifurcated hydrogen-bonding oxygen, as found in crystalline
ice. lllustrated in Figure 7d, this oxygen is involved in
hydrogen bonds to both an imidazole ring, at the N1 site,
and the oxygen on a neighborhing phosphonate group.

general arrangement with fewest constraints. To establishSupporting evidence for this type of hydrogen-bonding
the assignment, we analyzed each proton resonance individuarrangement has been found in crystallographic studies of a
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related salt, benzimidazolium methylphosphonate (data not
shown).

It is important to note at this point that our results provide 1
a more accurate structural motif than an earlier proposed
structure for Imi-d-PA. The earlier structure was based
primarily on the observation of a singleN resonance, from
which the assumption of a symmetric hydrogen bonding
around the imidazole rings was made. Upon further inspec-
tion, the line width of this!®>N resonance (12 ppm) was
certainly large enough to span two poorly resolved nitrogen
resonances, as is seen in the related case of crystalline
benzimidazolium methylphosphonate, where the #
resonances in the salt are separated by only 8 ppm at 11.7 T
(data not shown). Without the solid-stdt¢ NMR data, and 1
2D heteronuclear NMR spectra for Imi-d-PA, this earlier
structure was consistent with the experimental data to that 1
point. However, the data obtained here give a complete
picture of the many proton local environments, and a full -
assignment of the hydrogen-bonding structure. 100

This complete assignment of the hydrogen-bonding motifs Temperature / °C
in Imi-d-PA provides an impreSSion of the complexity of Figure 8. DSC scans of (a) 1,10-#-imidazol-5-yl)decanephosphonic acid
the network available for proton transport in this molecule (Imi-d-PA), T. peak downward upon heating, peak upward upon cooling,

and matches in detail the structure proposed at the outset irgnd (b) its HBr complex, 1,10-(-imidazol-5-yl)decanephosphonic acid
ydrobromideT. peak downward upon heating. Data were collected while

Figure _2' The diversity (?f hydrogen bondjryg strenth-s, heating from room temperature to 258G at 10°C/min under N flow.
ascertained from the varying degrees of acidity of basicity

of the donor and acceptor sites, would seem to provide anmetric analysis (TGA) trace showed no weight loss up to
obvious conduit for a dynamic and rearrangeable network. 240°C, 3.7% loss from 240 to 39%, and extensive thermal
After our structural investigations, variable temperattde  degradation above 400C (data not shown). The HBr
NMR studies were used to probe proton dynamics. Before complex showed a sharp intense endothermic peak at 145
consideration of théH NMR, however, the results of thermal  °C during heating and no peak upon cooling. Neither material

1

(a)

Heat Flow

(b)

-100 0 200 300

analysis of both Imi-d-PA and its HBr complex are presented.

Thermal Analysis. Figure 8 shows the differential scan-
ning calorimetry(DSC) traces obtained for Imi-d-PA (a) and
its HBr complex (b). The DSC trace of Imi-d-PA shows a
sharp intense endothermic peak at 220upon heating from
room temperature to 25%C at 10°C/min under N flow,
and a low-intensity broad exothermic peak at about %20

upon cooling back to room temperature. The thermogravi-

re-crystallizes under the cooling conditions used in the DSC
study. We note, however, that there is no hysteresis observed
upon heating and cooling of the samples during solid-state
IH NMR studies (306-400 K). In both cases the original
spectra are regenerated following the heating sequences.
Further DSC studies to investigate the thermal behavior of
the materials at high temperatures and on continuous-heat
cool cycles would be of interest in considering membrane
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Figure 9. H variable temperature NMR spectra acquired at 25 kHz MAS, with sample temperatures ranging from 310 to 377 K. Temperatures are calibrated

20 15 10 5 0 .5 10 ppm

to take into account the influences of magic angle spin&i{(g) Imi-d-PA and (b) Imi-d-PA-HBr. The absence of line narrowing in (a) is attributed to the
rigidity of the hydrogen-bonding structure, whereas the onset of coalescence and line narrowing in (b) point to the significant role of the dwpptibag d

the hydrogen-bonding network to allow for local mobility.

longevity and durability, but these are left for another study.
Both materials exhibit a melt transition which is well-
defined, indicative of local order or short-range crystallinity.
In the case of Imi-d-PA, this melt transition is not reached
until 220 °C, whereas in the HBr complex, the melt
temperature is reduced by more than°@) to 145°C. This
dramatic lowering of the melt transition is found to be

as the temperature is increased. The 1D DQF experiment at
370 K shows very poor signal-to-noise (data not shown) and
demonstrates both proton and backbone dynamics occur on
the time scale of the pulse sequence( us). Aromatic
resonances EF coalesce to a single resonance at 7.0 ppm
between 310 and 350 K, indicative of imidazolium ring
reorientation. Moreover, the hydrogen-bonded resonances,

consistent with the proton-transport behavior, investigated C—D, coalesce into a single resonance at 10.6 ppm. This is

by variable temperaturéd NMR below. No glass transition

consistent with the weaker nature of these hydrogen bonds

temperature is observed on heating or cooling, but this is relative to the imidazole ringphosphonate contact of
not unusual, given the relatively small decane chain, cappedresonance B. Resonance B does not coalesce in this tem-

with strong H-bond formers. It is also noteworthy that

perature range, but does tend toward lower frequency,

powder diffraction patterns of the materials showed several consistent with weakening or more dynamic hydrogen

weak reflections, indicative of polycrystallinity. However,

no good quality single crystals were produced. Thus, the

bonding.
From these results, we propose that the rotation of the

combination of thermal analysis and solid-state NMR gives phosphonate group is the more energetically-efficient step
an excellent understanding of the packing constraints andin proton transport, whereas the ring reorientation of the

lattice energies of the materials.
Searching for Proton Dynamics.Figure 9a shows the
variable temperaturéH MAS spectra acquired for Imi-d-

imidazole rings are more energetically costly. Moreover,
when there are no excess protons, as in the undoped Imi-
d-PA material, no proton transport occurs, due to the high

PA, between 310 and 377 K. The surprising observation from lattice energy associated with the fully hydrogen-bonded
this set of data is that no line narrowing occurs in this network. When the system is doped with HBr, the protonated
temperature range. This is in strong contrast to our studiesimidazolium rings and/or phosphonate units become loosely
of imidazole-based systerfis?f even in the absence of a bonded to neighboring groups and are able to pass on their
proton source such as phosphonic acid. From this we protons. This is favored in the phosphonate centers over the
conclude that the molecules remain rigid, and moreover, theimidazolium units, as indicated by the varying H-bonding
absence of coalescence, chemical shift changes, or narrowingtrengths assigned based on the magnitude of the proton
of the hydrogen-bonded protons{A) is a clear indication ~ chemical shift, and the earlier onset of coalescence among
that these protons are fixed in their positions and unable toresonances €D.

contribute to either local proton mobility or long-range proton It is very informative to compare these results for local
transport. In parallel with this study, we characterized the proton dynamics in Imi-d-PA with macroscopic impedance
HBr-doped analogue of Imi-d-PA. Its hydrogen-bonding measurements of the related copolymer, poly(VEbAd-
structure is quite similar, with resonances B apparent in VIm).8 This copolymer is an analogue of the Imi-d-PA
the 1D 'H MAS spectrum. The absence of resonance A studied here. It incorporates VPA as a proton source and
indicates that NH—N bonding is suppressed in the presence 4-VIm as a proton solvent. It was confirmed that the
of the HBr dopant. The response of this complex to heating, imidazole rings were protonated and that dc conductivites
however, is dramatically different than Imi-d-PA itself. As of the dry copolymers were between2@nd 102 S/cm.
seen in Figure 9b, significant line narrowing in both the Proton conductivity by vacancy migration, attributed to
aromatic and aliphatic regions of the spectrum are observedstructural diffusion, was deduced. The extremely low con-
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ductivity of these polymers fits well with the observations (1-H-imidazol-5-yl)decanephosphonic acid precipitated from this
made for Imi-d-PA on the molecular scale. Protons are not sol_ution upc_)n slow evgporation of the solvent at room temperature.
sufficiently mobile in either case to give rise to long-range This material was dried under vacuum at room temperature to
proton transport under dry conditions. With the addition of constant weight. This material, the Imi-d-PA HBr complex, was
HBr as a dopant, additional protons are available for KePtdry and used for solid-state NMR and DSC studies.
conductivity, and moreover, the hydrogen-bonding network The hydrobromlde was tak_en up with water to yield a suspension.
is interrupted by these dopant ions, providing a lowering of Ar_1 equnmola_r amount of solid NaOH was add_ed under stirring t_o
the lattice energy to facilitate structural diffusion. Our results f\::esosﬁSgﬁgsézz(goa:‘fouégltgzb Z?aetusl‘zlll(jnVSZf\tlzlitceL:ﬁg; :’(Vgsiggdl"%h_
Cahn t::erefo_rde bf_fenfrahzfed totconCI:Jde ':l:at pOItyeIeCtr(letes(l-H-imidazol-5-y|)decanephosphonic acid, Imi-d-PA. This material
Wh'c FkJ)VO\rl]l el L ra |0ds ofproton so ver: olpro ﬁn S(()jurcer,] was also kept dry and used for solid-state NMR and DSC studies.
where both solvent and source are covalently tethered to the The conditions of the cross-polarized MAS (CP-MAS) NMR

polymer backbone, are as yet not successful promn'condUCt'experiments are described below and were collected using a MAS

ing membranes under dry conditions. Although we leave the fequency of 25 kHz with a double-resonance probe using rotors
door open to further synthetic developments, we note thatyith a 2.5-mm outer diameter. The various 2D spectra were
these results indicate a fundamental cooperativity betweencollected on a Bruker Avance 500 with a proton Larmor frequency
structural and vehicular proton diffusion, where high rates of 500.13 MHz and the proton chemical shift was referenced to
of proton transport are prohibited in the absence of a adamantane protons which have a chemical shift of 1.63 ppm. The
vehicular-transport option, be it a water molecule or an acid carbon Larmor frequency is 125.76 MHz and was referenced to
dopant. the carbonyl in thex-polymorph of glycine at 176.14 ppm. The
1H-13C CPMAS spectra were collected at contact times of 0.5 ms,
3 ms, and 6 ms. All spectra utilized a proton°3fllse length of
3.5us, a recycle delay of 2 s, and a bearing gas temperature of
High-resolution solid-statéH NMR achieved under fast 300 K. The shortest contact time required 4000 transients, whereas
magic angle spinning (60 kHz MAS) together with multi- the longer contact times were collected with 2000 transients. The
dimensional heteronuclear correlation spectroscopy were usedH—*'P CP-MAS spectrum usec®& Larmor frequency of 202.45
to establish the hydrogen-bonding structure and probe protonMHz and was referenced to phosphoric acid at 0.0 ppm. The
dynamics in 1,10-(H-imidazol-5-yl)decanephosphonic acid spectrum was collected using 256 transients with a contact time of
and its HBr-doped counterpart. The hydrogen-bonding motif 2280; Eeznr?ng g;zt?gmggggiigof'ggg’s recycle delay of 2's,
in Imi-d-PA was found to incorporate four types of hydrogen The IH MAS NMR and BaB o N ducted
bond, including ring-ring bonds between imidazole rings, Brueker AMX 600 vﬁtnh . Zr(?toenxﬁ’jr'mg? ffe";ireeng;nofugo% 1%”
P—O—H—0—P bonds among phosphonate groups, and two y

L - . . MHz. The probe used was a single-resonance prototype that
types of phosphonatémidazole ring bonds, differentiated supported rotors with a diameter of 1.1 mm, capabable of achieving

according to the asymmetric bonding around the imidazole \as spinning speeds of 70 kHz. Spectra reported here were
rings. This network of hydrogen bonds, however, was found acquired at 60 kHz MAS, using a gas cooling line which controlled
to be unable to transport protons, as found by variable the sample temperature to roughly 46 above ambient temper-
temperatureH NMR studies. In contrast, the HBr-doped ature. The 1D'H MAS experiments were collected with 64
Imi-d-PA material demonstrated significant proton mobility, transients. The rotor-synchronized 2B—'H BaBa spectra were
and overall molecular dynamics, the essential molecular level collected withze,c = 2z, and 800 transients.

Conclusions

processes which enable proton transport. DSC data were acquired with a Mettler TA 3000 instrument
coupled to a Mettler TC10A TA microprocessor, operated jraiN
Experimental Section 10 °C/min.

1,10-(1H-imidazol-5-yl)decane (diethyl)phosphonate (Im-£H
(CH,)sCH,-POsEL,) was obtained as previously reported; synthetic
details can be found in the literatut& his compound was taken
up with excess concentrated HBr and refluxed 24 h. Afterward HBr
was vacuum-evaporated. The residue was taken up with EtOH, dried
under vacuum, washed with GEIN, and filtered. The filtered solid
was taken up again with EtOH. The solid hydrobromide of 1,10- CM060514I
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