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NaI and KI complexes. Examination of intensity profiles and
Fourier transforms along and across the chains provided no indication of periodic structuring, except for very weak distances
corresponding to distancesof about 0.8 1 nm for the NaI complex
and 1.74 nm for the KI complex. These observationson thicker
samples are similar to those observed with PEO13and conducting
polymer sampIes.I6
The fact that a well-defined diameter is associated with the
structures shown in Figure 3 argues that some well-defined organizing force is involved. The measured diameter of 2.55 nm
is consistent with the formation of a close-packed hexagonal fiber
composed of 5-7 PEONal helical structures (Figure 1a, diameter
0.82 nm). This type of macromolecular association is observed
with DNA, both in solution and in the formation of dehydrated
fiber bundles used in X-ray analysis.” We suggest that the
PE0:salt fibers form as solvent evaporates during the sample
preparation step.

Figure 3. PEOsalt complexes of thicker films show many parallel chains
closely packed in layers with different orientations but a nearly consistent
diameter of 2.5 nm. These results are most constant with the formation
of close-packed hexagonal arrays containing 5-7 of the helices shown in
Figure la.
STM images obtained from thicker samples of the PEO complexes (Figure 3) consist of many parallel chains that are closely
packed in layers with different orientations. The measured average
width of the chains is 2.55 f 0.21 and 3.1 1 f 0.18 nm for the
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IsXe NMR spectra of xenon gas adsorbed on amorphous carbons have been obtained under various pressures up to 1 atm
at 296 K. The chemical shift thus obtained has been found to be a linear function with respect to the surface concentration
of the adsorbed xenon. The value of the chemical shift extrapolated to zero concentration is clearly increased when acidic
functional groups are present on the carbon surface, indicating that the 129XeN M R spectroscopy can be a sensitive probe
for the characterization of the amorphouscarbon. However, the plot of the xenon chemical shift versus the xenon concentration
for a number of samples having different specific surface area and pore-size distribution gives a very similar slope. This
can be explained by the xenon-xenon interaction term for the chemical shift which results mostly from the interaction between
the adsorbed xenon atoms on the surface. By varying the carbon particle size, a very large line broadening in ‘29XeN M R
spectra of amorphous carbons is also shown to occur arising from the inhomogeneity of such particles.

Introduction

Amorphous carbons are a unique family of materials whose
structural and chemical properties depend very much on the
manufacturing processes and the raw material selection which
markedly influence their behavior as adsorbent or catalyst supp~rt.~
The physicochemical property of the amorphouscarbon can thus
be quite variable from batch to batch, and even a sample in the
same batch can be inhomogeneous. Therefore, their use in the
study of adsorption and catalysis requires intensivecharacterization
such as the measurement of the BET surface area, the determination of the pore size distribution and the chemical titration
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of surface functional groups. A development of a simple method
for characterizing the amorphous carbon surfaces would by very
useful in the study of amorphous carbons. %e NMR technique,
pioneered as a probe for the characterization of zeolites by
Fraissard and co-workers,2J can be one such method since the
chemical shift of adsorbed xenon is sensitive to the surface
structure, porosity, and the presence of exchanged cations, adsorbed species, supported metal clusters, etc.
During the past 10 years, there have been a great number of
applications of 129XeNMR spectroscopy for the study of crystalline zeolites3-I2 and other molecular sieve materials.13-15
(1) Ehrburgcr, P. Adu. Colloid fnrerfuce Sci. 1984,21, 275.
(2) Ito, T.;Fraissard, J. Proc. 5rh Inr. ConJ Zeolite, Naples, June 1980
1980, 5 IO.
( 3 ) Fraissard, J.; Ito, T. Zeofires 1988, 8, 350 and references therein.
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TABLE I: Amor~bousCarbon Samples Cbostn for Investigation
samde

tYDe

SA
DA
VB
CAI

activated carbon
activated carbon
carbon black
activated carbon
from coconut shell
activated carbon
from woodchip

WAI

surface area:
m'lg
1140
742
74
527
6 18

supplier
Strem Chem.
Aldrich ( D a m G-60)
Cabot Corp.
Shin Ki Chem.

Jeil Carbon

Determined by the BET method.

However, there have been very few '29Xe NMR studies of
amorphous materials with high surface area. Boudart et a1.I6
reported that the chemical shift of adsorbed xenon increased
remarkably due to platinum particles supported on y-alumina
(Pt/Al,O,). Conner et al." characterized the pore structure
formed by compression of nonporous silica particles by using the
IBXe NMR. Cheung'* studied low-temperature '29Xe N M R of
xenon adsorbed on amorphous silica, alumina, and silicaalumina
as a function of xenon loading at 144 K. H e reported that the
'29Xe NMR signal of xenon adsorbed on activated charcoal was
very broad, leading to large uncertainties in the chemical shift
measurements. Such large NMR line broadening seems to cause
difficulty in the application of the 129XeN M R method to the
amorphous materials.
Recently, Ryoo et al.'9920demonstrated that a well-coalesced
'29Xe N M R signal can be obtained from uniform mixtures of
various Y-zeolites due to rapid xenon exchange at room temperature. The NMR peaks became well-resolved at low temperatures. Moreover, Ryoo et ala2'reported that physical mixtures
and NaY can give two well-resolved 129XeN M R
of 5%Pt/AI2o3
signals or only a narrow signal at 296 K, depending on their mixing
state. Large line broadening in 129XeN M R spectra from the
amorphous materials is thus likely to come from the inhomogeneity
of the sample. The present study indeed clearly shows that the
large line broadening in the '29Xe N M R of activated charcoals
comes from the sample inhomogeneity. This study also indicates
that 129XeN M R of adsorbed xenon can be a very useful probe
for the characterization of the structural and chemical properties
of amorphous carbons. In addition, this study suggests that IBXe
NMR spectroscopy can be a very simple tool for the identification
of commercial carbon products.
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Figure 1. Illustration oft plots from typical activated carbon samples.
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Figure 2. 129Xe N M R spectra of xenon gas adsorbed on various
amorphous carbons and zeolites at 400 Torr and 296 K: (a) VB; (b) SA;
(c) N a y ; (d) SAON; (e) NaX.

Experimental Section
Five samples of amorphous carbon are chosen for the investigation as listed in Table I. To introduce acidic functional groups
to the carbon surface, two samples, Le., SA and DA, are treated
with 70 wt % nitric acid a t 353 K for IS h. After the oxidative
treatment, the samples are purified by repeated washing with
distilled water until the filtrate becomes neutral. These samples
are designated as SAON and DAON, respectively. For the
determination of the acidic surface groups, about 0.5 g of each
carbon sample is placed in 50 mL of aqueous 0.05 M sodium
hydroxide solution and agitated slowly for 20 h. The excess sodium
hydroxide is then back titrated with 0.01 M hydrochloric acid.22
Characterization of the porous texture of the carbon sample is
(22) Boehm, H. P.; Diehl, E.; Heck, W.; Sappok, R. Agnnv. Chem. 1964,

76, 742.
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NMR spectra obtained at 400 Torr and 296 K after

various treatments of activated carbon WAI : (a) the original sample:
(b) after grinding in porcelain mortar; (c) after grinding in agate mortar
for 30 min: (d) after grinding in agate mortar for 1.5 h. The NMR lines
arc significantly coalcsccd in (d) compared with (a), due to the mixing
and particle size reduction as scanning electron micrographs in Figure
4 indicate.

carried out by the BET method using nitrogen adsorption at liquid

nitrogen temperature in a conventional volumetric apparatus. The
micropore structural properties are analyzed by the r-plot method
of de Boer et al.,23using the standard t values given by Lecloux
and Pirard.24 The total pore surface area and the wide pore
surface area are obtained from the slopes of two linear segments
in the t plot as is shown in Figure 1, respectively.
All the samples are placed in IO-mm-0.d. NMR tubes which
(b)
are jointed with coaxial ground-glassvacuum stopcocks, and are
Figure 4. Scanning electron micrographs of activated carbon WAI obsubsequently degassed at 393 K under 1 X
Torr. Natural
tained (a) before and (b) after grinding in agate mortar for 1.5 h.
xenon gas (Matheson, 99.995%) is then equilibrated with the
sample under given pressure at 296 K. IBXe NMR spectra are
distribution. In the case of very inhomogeneous carbon samples,
obtained at 296 K by a Bruker AM 300 instrument operating at . e.g. WAI, in Figure 2, two broad and overlapped NMR signals
83.0 MHz for 129Xewith 05s relaxation delay. The chemical
are readily observed, indicating that the xenon is experiencing
shift is referenced with respect to the NMR signal of the xenon
roughly two different average environments. Coalescence of the
gas extrapolated to zero pressure.
two separate resonance lines can occur upon careful grinding and
mixing as is shown in Figure 3. Scanning electron micrographs
Results a d Discussion
show that a significant reduction in the carbon particle size of
Figure 2 shows that
NMR signals obtained from xenon
WAI sample occurred by grinding in agate mortar as in Figure
gas adsorbed on activated carbons are much broader than those
4. This particle size reduction and mixing seemed to increase
found from xenon on zeolites. Such large line broadening in the
the macroscopic homogeneity of the environment experienced by
129XeNMR study of activated carbons can come from xenon
xenon on NMR time scale. On the other hand, zeolite pores are
adsorption in the pores of different structure and size; amorphous
very uniform, and the amount of xenon adsorbed on the external
carbons usually exhibit a very broad range of pore size distribution
surface of the zeolite crystal or present in the bulk gas phase is
from molecular dimensions to several hundred nanometers. The
also negligible compared with the amount of xenon adsorbed within
chemical shift of xenon in the pore can be a function of the pore
the pores. Therefore, practically all the xenon atoms in the zeolite
size.2s If there was no xenon exchange between the pores, xenon
sample would feel very similar environments,giving a very narrow
atoms in the pores of different size would have different chemical
129XeNMR signal irrespective to the crystal size distribution.
shifts. However, self-diffusion of xenon26would average out the
In carbon black-samples, nonporous spherical particles are
local xenon environment to a certain degree on NMR time scale.
frequently aggregated into chains, and the resulting specific surface
The sample inhomogeneity exceeding the selfdiffusion limit would
area is much smaller compared with the activated carbons as listed
contribute to the heterogeneous NMR line broadening. Nonuin Table I. Xenon gas adsorbed on such a highly open surface
niform state of surface activation, although it is difficult to separate
of small area can therefore exchange rapidly with xenon in the
from the effect of nonuniform pore size, would also contribute
bulk gas phase, giving an almost “gaslike” narrow NMR line with
to the NMR line broadening, in a manner similar to the pore size
small chemical shift as Figure 2 shows. This situation is similar
to the case for nonporous silica particles.”
As for the lBXe NMR study of zeolite:*27 the chemical shift
(23) De Bar, J. H.; Linsen, B. G.; Osinga, Th. J. J. Cuful.1966,4,463.
of xenon adsorbed on activated carbons will be given by the sum
(24) Ldoux, A.; Pirard, J. P. J. Colloid lnferfuce Sci. 1979, 70, 265.
(25) Ripmeester, J. A.; Ratcliffe, C. I.; Tse, J. S.J . Chem. Soc.. Fumduy
Truns.I 1988,84,3731.
(26) Kargcr, J.; Pfeifer, H.; Stallmach, E;Spindler, H. Zcolltcs 1990,lO.
(27) Tsiao, C.; Corbin. D. R.; Durante, V.; Walker, D.; Dybowski, C. J.
288.

Phys. Chem. 1990,944195.
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adsorption isotherms at 296 K on various amorphous

of several terms which take into account the bulk magnetic
susceptibility of the sample, the xenon-surface interaction and
the xenon-xenon interaction

6 = 60 + 6 , p + 62p2 + ...

(2)

where 6, is a proportionality constant concerning the magnitude
of the xenon-xenon interaction.
If there is a broad distribution of adsorption sites with different
adsorption energies for xenon in a sample, xenon will be preferentially adsorbed at low p on the strong adsorption sites. At high
concentrations, the weak adsorption sites will become progressively
occupied by additional xenon. The stronger the adsorption sites,
the greater will be the chemical shift due to higher polarization
of the adsorbed xenon. The result of rapid xenon exchange between the different adsorption sites becomes a decreasing function
of the chemical shift with respect to p as observed from various
Y zeolites exchanged with divalent cations2* and containing
supported metal c l u ~ t e r s . ~ * * When
~ J ~ xenon is adsorbed on a
sample with a broad distribution of the pore size, the situation
will be similar to the above case;ls xenon can be preferentially
occupied in smaller pores in which the chemical shift of xenon
is higher. At sufficiently high temperatures, e.g., room temperature, the kinetic energy of xenon can be much greater than the
difference of the adsorption energies in the different pores. In
such a case, the xenon adsorption will occur equivalently in the
pores of different size, and then the chemical shift of xenon will
fit for eq 2 irrespective to the pore size distribution.
( 2 8 ) Ito, T.; Fraissard, J. J . Chem. Phys. 1982, 76, 5225.
Fraissard, J.; Ito, T. J . Chem. Soc., Faraday
( 2 9 ) De Menorval, L.-C.;
Trans. I 1982, 78, 403.

(30) Ryoo, R. Proceedings of the 1st Tokyo Conference on Advanced
Catalytic Science and Technology, Tokyo, 1990, in press.
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Figure 6. Dependence of the IBXe NMR chemical shift on the concentration of adsorbed xenon.
TABLE 1I: Acidic Functionrl Groups Determined by Acid-Base

Titration
sample
SA

(1)

where 6 is the chemical shift with respect to the bulk xenon gas
extrapolated to zero pressure, p is the concentration of the adsorbed
xenon, and S, is the chemical shift of xenon adsorbed on the carbon
surface at p = 0. This 6o term occurs due to the bulk magnetic
susceptibility of the sample and the xenon-surface interaction
which can be averaged by the self-diffusion of xenon. The terms
linear and quadratic in p in eq 1 arise from the effect of binary
and ternary interactions between xenon atoms, respectively. By
neglecting the quadratic term which is important only at high p,
eq 1 reduces to

6 = 60 + 6 , p

0

mequiv/ 100 g
38.8
254.5
17.8
338.0

SAON'

DA
DAON'

'Prepared from SA and DA by acid treatments, respectively.
TABLE III: Pore Structural Properties Determined by t Plotu"
surface area, m2/g
sample
At
V,,,,dcmS/g rm: A
AWb Amc

SA
DA
CA 1
WAI

1284
897
750
135
882
727

302
301
57
178
152
248

982
596
693
557
730
419

0.427
0.242
0.256
0.226
0.3 15
0.194

8.10
8.12
1.39
8.12
8.63
8.10

SAON
DAON
'Total surface area; calculated from the slope of the lower line
shown in Figure 1. Wide pore area; calculated from the slope of the
upper line shown in Figure 1. Micropore area; difference between A,
and A,. dMicropore volume; calculated from the intercept on the adsorption axis by the upper line. 'Average micropore radius, 2Vm/A,.
The concentration of xenon adsorbed on carbon samples a t a
given pressure is determined by dividing the amount of adsorbed
xenon in Figure 5 by the BET surface area listed in Table I. In
Figure 6, the chemical shift data obtained from various carbon
samples are plotted against this adsorbed xenon concentration.
The data fall on straight lines over the entire concentration range
studied, fitting for eq 2 as discussed above. Extrapolation of 6
to the zero xenon coverage gave very similar results for all the
activated carbon samples, e.g., 46, 50, and 49 f 3 ppm, respectively, for SA, DA, and CAI. The treatment of the activated
carbons with nitric acid resulted in increases of values by ca.
20 ppm without substantial changes in the slope, 6,. Considering
the results given in Tables I1 and 111, the increases in 6o by such
a treatment can be associated with the generation of acidic
functional groups on the surface rather than a drastic change in
the pore size or the surface area. We confirmed by FT-IR
spectroscopy that the nitric acid treatment introduced a substantial
amount of carboxylic acid groups on the surface, which seem to
have considerable interactions with the adsorbed xenon atoms.
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Figure 7. Two illustrated cases with the same surface area and the same
quantity of adsorbed xenon; but A has a smaller pore space.

Consequently the inherent chemical shift, bo, reflects the surface
functionality.
Figure 6 also indicates that all the activated carbon samples
give similar slopes in the 6 vs p plot, independent of the nitric acid
treatment, the specific surface area, or the pore size distribution.
Referring to this result, two situations can be considered as is
shown in Figure 7. The two cases A and B in Figure 7 have the
same total surface area and the same surface concentration of
the adsorbed xenon. Compared with B, situation A may appear
to have a greater xenon-xenon interaction term for 6 in eq 2 since
the xenon atoms are likely to have more frequent collisions within
the narrower space between the two surfaces. If so, the proporitonality constant 6, should depend on the average pore size, and
therefore information on the pore size could be obtained from the
slope of the 6 vs p plot. Our result seems to contradict such an
assumption, and this can be rationalized by understanding that
the main origin of the xenon-xenon interaction term in eq 2 is
indeed the interaction between the adsorbed xenon atoms at the
surface rather than the gas-phase xenon-xenon collision taking
place within the pore volume; the gas-phase collision can occur
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much less frequently than the two-dimensional surface collision
between the adsorbed xenon atoms, since the density of xenon in
the adsorbed phase is much greater compared with the bulk gas
phase and thus xenon exists most time as adsorbed on the surface
wall. The pore size and the pore shape may also affect more or
less the xenon-xenon interaction on the surface. More precise
measurements of the chemical shift by using macroscopically more
uniform samples will be necessary to study this seemingly small
p dependence of 6,.

Conclusions
The chemical shift of xenon adsorbed on activated carbons used
in this work can be given as a sum of terms arising from the
xenonsurface and the xenon-xenon interactions. At sufficientlv
low xenon concentrations undertaken in this study, the chemicil
shift or adsorbed xenon on similar amorphous materials may be
plotted linearly with respect to the surface concentration of xenon
which is the mole number of the adsorbed xenon per unit surface
area. The intercept in such a plot of the chemical shift is sensitive
to the nature of the surface since it reflects the xenonsurface
interaction term. It is this term that makes the '29Xe N M R
spectroscopy of the adsorbed xenon a powerful probe for the
characterization of the amorphous carbon. It is, however, difficult
to find any relation between the xenon-xenon interaction term
and the specific surface area or the pore-size distribution under
the same concentration of the adsorbed xenon in this study. This
is due to that fact that the xenon-xenon interaction by the gasphase collision within the pore volume is probably small compared
with the xenon-xenon interaction on the surface.
The NMR spectrum taken at a given pressure may also be used
as a fingerprint for the identification of the amorphous carbon,
due to the difference in the chemical shift and the heterogenous
line broadening of the 129XeN M R signal.
Registry No. '29Xe,13965-99-6;
Xe, 7440-63-3;
carbon, 7440-44-0.

Photosensitized Electron InJectionfrom Xanthene Dyes Incorporated in
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Anodic photocurrents are obtained upon excitation of xanthene dyes incorporated into Langmuir-Blodgett films deposited
on Sn02 The observed quantum yield of the photocurrent stronglydepends upon the applied electrode potential, the regenerator
(hydroquinone)concentration, and the pH of the electrolyte. The photocurrent is nearly independent of the chemical structure
of the dye or the amount of dye incorporated in the monolayer. For 3,6-bis(N-ethyl-N-octadecyl)aminoxanthyliumperchlorate
(PYR18) and N,N'-dioctadecylrhodamine 119 (RH18), the photocurrent action spectra resemble the absorption spectra of
the mixed monolayer or a dilute solution of the dye in chloroform. Interactions between the chromophore and the cadmium
arachidate matrix shift the spectral sensitization maximum of the surface-active bis(N-ethyl-N-octadey1)rhodamine (RBI 8)
to shorter wavelengths than the absorption maximum of the mixed monolayers or the action spectra of adsorbed rhodamine
B. As observed for adsorbed rhodamine B the action spectra give no indication for the formation of sandwich dimers for
RB18 and RH18. Analysis of Mott-Schottky plots obtained at low frequency indicates that decreasing the electrolyt pH
leads to an anodic shift of the flat-band potential (E,) and that the electrode is only partially covered by the deposited
Langmuir-Blodgett film.

Introduction
The study of the photosensitized charge injection in wide
bandgap semiconductors by adsorbed dyes has been initiated by
the possible application to photoelectrochemical conversion of solar
energy.14 These investigations were focused on systems with
(1) Roberts, G . Sensors Acruarors 1984, 4, 131.

rhodamine B as the sensitizing dye and SnO, or ZnO as the
semicondu~tor.~'~
Fromherz and Ardenma described the charge
( 2 ) Roberts, G . Adu. Chem. Ser. 1988, 218, 225.
R. Electroanal. Chem. 1979, 11, 1.
(4) Memming, R. Ber. Bunsen-Ges. Phys. Chem. 1987, 91, 353.
(5) Memming, R.Far. Discuss. Chem. Soc. 1974,85. 261.
(3) Memming,
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