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Tonic motion and local structure of phenethylammonium ion (C¢HsCH,CH,NH;") in a series of
phenethylammonium lead(II) halides, [C¢HsCH,CH,NH;],PbX, (X = Cl, Br, I) were studied by
means of 3C cross polarization/magic angle sample spinning (CP/MAS) NMR technique. Among
the three salts, remarkable differences in the spectra were observed in the signals corresponding
to the phenyl carbons. The peaks from C2, C3, CS5, and C6 in the phenyl group were split into
three for the chloride and into two for the bromide, although in the iodide those were observed as a
single peak. Coalescence of those peaks, as well as line broadening were observed on heating. This
indicated that peak split brings about disorder of the orientation in the phenyl group around the C1-C4
axis, suggesting to have three and two orientations for the chloride and the bromide, respectively.
Above room temperature the phenyl group undergoes chemical exchange among these orientations,
and at higher temperature, reorientation with a large amplitude takes place around its axis. The
apparent activation energies of the reorientation of the phenyl group for the chloride and bromide
were estimated from the temperature dependence of the linewidth of the resonance peaks to be about
24 kJ mol™!, 25 kJ mol ™!, respectively, which is similar to in the iodide (25.0 kJ mol™"). Ab initio
molecular orbital energy calculation was carried out to evaluate the potential barrier of the internal
rotation of the phenyl group in a free phenethylammonium ion. The intramolecular interaction was
evaluated to be 13.9 kJ mol~! from the calculation, and the intermolecular interaction results to be

10 kJ mol~!.
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Introduction

Phenethylammonium lead(II) halides, [C¢H;CH,-
CH,NH;],PbX, (X = Cl, Br, I), form a layered
perovskite-type structure [1]. They have attracted
much interest, being nano-composites made up of
organic and inorganic parts. Especially their opti-
cal and electronic properties, originating from their
multi-quantum well structure, have extensively been
investigated in these [2, 3] and analogous compounds
[4 - 10]. Their organic layer can be regarded as a
two-dimensional crystal. In the two-dimensionally re-
stricted space, the dynamics of the phenethylammo-
nium ion (Fig. 1) is closely related to phase transition
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and glass formation [11, 12]. However, the dynam-
ics of the phenethylammonium ion has not yet been
studied in detail.

In [13] we have studied the motion of the phen-
ethylammonium ion in [C{H;CH,CH,NH,],[CH,-
NH;],_,Pb,L;,., (n=1,2),andin [14] in [C{H;CH,-
CH,NH,],PbX, (X =Cl, Br, I). In [13], 1*C CP/MAS
NMR measurement revealed that the phenyl group in
the phenethylammonium ion undergoes a 180° flip
motion around the two-fold(C1-C4) axis and that the
potential barrier for the reorientation of the phenyl
group depends little on the stacking number, 7, of the
inorganic layers. In [14], the anomalous lattice ex-
tension along the stacking direction of the inorganic
layers was found by X-ray powder diffraction mea-
surements. The interlayer distance increases in the
order of I < Br < Cl, in contrast with the decrease in
the ionic radius in this order. Furthermore, 'H 7| mea-
surements gave us one of the explanations about the
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Fig. 1. Structure of phenethylammonium ion.

anomalous lattice extension. We found that the NH,
moiety and the CH,CH, alkyl chain become mobile
in the order X =1 < Br < Cl for the series of the [C4Hs-
CH,CH,NH;],PbX,. That is, the increase in the free
volume around the organic cations results in a lattice
extension along the stacking direction of the layers.

In the present work, in order to study the influence
of the halogen ion of PbX,?~ on the local structure
and the dynamics of the phenyl group, we have mea-
sured the '*C CP/MAS NMR spectra of phenethylam-
monium ion in [C¢HsCH,CH,NH,],PbX, (X = Cl,
Br, I). Examining the temperature dependence of the
spectra, we discuss the local structure and the dynam-
ics of the phenyl group. Furthermore, we have carried
out ab initio molecular orbital energy calculation to
evaluate the potential barrier of the rotational motion
of the phenyl group.

Experimental

[C¢H;CH,CH,NH;],PbX, were synthesized as
described in [13, 14]. The powder samples were dried
in vacuo at ca. 60°C and packed into the sample rotor
(¢ 4 mm x 18 mm) under N, atmosphere.

13C CP/MAS NMR spectra were measured by us-
ing a Bruker MSL-400 spectrometer operating at a
Larmor frequency (v,) of 100.613 MHz for 1*C. A
sample spinning rate of ca. 6 kHz was employed by
use of a ZrO, sample rotor. The contact time be-
tween the 'H and C spin systems to enhance the
13C magnetization was between 1 ms and 3 ms. The
FID signals of '*C were recorded under 'H irradiation
with a decoupling field (v,) of 58 kHz. The repeti-
tion time was between 10 s and 100 s, depending on
'H T, and the signals were accumulated between 32
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and 1024 times. The spectra were obtained at 295 to
378 K. The temperature was controlled within £2 K
and monitored with a Bruker VT-1000 unit. Methyl
carbon (17.17 ppm from TMS) in hexamethylbenzene
was used as the external standard of the chemical shift
of carbon-13 [15].

The structure of a free phenethylammonium ion
was optimized by using a GAUSSIAN94 molecular
orbital program package [16] with 6-31G* base set,
and the total energy of the cation was evaluated with
the optimized structure. The potential energy of the
internal rotation of the phenyl group was defined as
the energy difference between the most stable con-
formation and the other conformation creating as a
function of the dihedral angle, ¢, being from C2, C1
Ca and Cf3 as shown in Figure 1.

Results and Discussion

Figure 2 shows 3C CP/MAS NMR spectra for
[C¢HsCH,CH,NH;],PbX, at room temperature. Ac-
cording to the assignment in our previous work [13],
the observed resonance peaks are assigned to the car- -
bons in the phenethylammonium ion as listed in Ta-
ble 1. The chemical shift values of the aliphatic car-
bons (Ca and C/3) a little changed among three sub-
stances. Among these substances, the spectra show the
most remarkable difference in the '3C chemical shift
range from 129 ppm to 132 ppm, in which the reso-
nance peaks from C2, C3, CS5, and C6 in the phenyl
group are observed. The iodide gives rise to a single
peak and/or the structures at 130.7 ppm, whereas the
corresponding peak was split into three for the chlo-
ride and into two for the bromide. By contrast, each
of C1 and C4 carbon, which is lying on the two-fold
axis of the phenyl group gives rise to a single peak
without any structure in all the three substances.

The splitting of the resonance peak from the phenyl
carbons means that the local structure of the phenyl
group in the chloride and the bromide is different

Table 1. '3C chemical shift for phenethylammonium ion in
[C¢HsCH,CH,NH;],PbX, determined from *C CP/MAS
NMR spectra.

13C chemical shift in ppm from TMS

Halogen ClI €2,C3,C5,C6 C4 Ca Cp
Cl 137.8 131.7, 130.1, 129.1 127.1 349 44.1
Br 1379 131.1, 130.0 1273 345 442
I 137.6  130.7 127.7 34.1 445
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from that in the iodide. This is a very useful infor-
mation to discuss the local structure of the phenethy-
lammonium ion at the interface between the inorganic
layers. The observed separation of the split peaks is
between 1.0 ppm and 1.6 ppm. There are two pos-
sibilities to bring about the split; one is the differ-
ence in the chemical and/or magnetic environments
of C2(C6) and C3(C5), and the other is the differ-
ence in the crystallographic environments of C2(C6)
and C3(C5), coming from the disorder in the orienta-
tion of the phenyl group around the axis connecting
C1 and C4 (hereafter, we abbreviate this axis as ‘1-4
axis’). In the former case, however, the chemical shift
difference between C2(C6) and C3(C5) is expected
to be less than 0.5 ppm even in solution [17]. There-
fore the latter case is more probably the origin of
the peak split. These two possibilities can clearly be

confirmed by examining the temperature dependence
of the spectra. That is, as the temperature varies, the
split will remain constant in the former case, whereas
it may disappear in the latter case by the averaging
of those peaks due to the chemical exchange between
the orientations.

Figure 3 shows the temperature dependence of '*C
CP/MAS NMR spectra for each substance. Drastic
changes are found in the resonance peaks correspond-
ing to C2, C3, C5, and C6, although the peaks of C1
and C4 are independent of the temperature.

In the chloride and the bromide, the split peaks co-
alesce on heating, and a sucessive line broadening is
observed. In the bromide, two peaks approach each
other and coalesce at the averaged value of the chemi-
cal shifts for each peak on heating from 293 to 313 K.
The peak shows further broadening above the 313 K



986

X =Br

. 3 ;

- L %o ] ]
Y
<Q

L ae | | :

'I.A..l...ll- :14141 | 1 el g g g i

25 3 3525 3 3525 3 35

T'710°K?! T1/10°K?! T'/10° K"

Fig. 4. Temperature dependence of the line width (Av) for
C2,C3, C5 and C6, the logarithm of which is plotted against
the reciprocal temperature (1/7).

and assumes the maximum line width at 378 K. In the
chloride, the three peaks merge at about 323 K, and the
coalesced peak broadens on further heating. The max-
imum broadening of the peak takes place at 363 K, and
the peak becomes narrow again. This finding suggests
that the split observed at room temperature is caused
by the crystallographic difference in the environment
of the phenyl group in the phenethylammonium ion.
It is concluded that there are two and three kinds of
orientations of the phenyl group in the bromide and
chloride, respectively, and that the phenyl group un-
dergoes chemical exchange between the possible ori-
entations around the 1-4 axis with similar frequency
of the 'H decoupling rf strength (ca. 60 kHz).

In order to discuss the dynamic processes of the
phenyl group, the activation energy (E,) was evaluated
from analysis of the NMR line width. The full width
at the half maximum of the resonance peak, Av, at
each temperature is inferred by a least square’s curve
fitting using Lorentzian shape functions. In the chlo-
ride and the bromide the line broadening is brought
about by the chemical exchange processes, and also
by the loss of the efficiency of the 'H decoupling due
to the molecular motion. In the chemical exchange
process the maximum broadening of the line width
occurs after the coalescence of the peaks is just com-
pleted, and the faster the exchange rate, the narrower
the line. On the other hand, the loss of the efficiency of
the 'H decoupling due to the molecular motion brings
about the maximum broadening when the frequency
of the molecular motion approaches the decoupling
frequency. The experimental results show that the
maximum broadening occurs above 360 K, a tem-
pereature at which the coalescence of the peaks have
already been finished. This suggests that the loss of
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Fig. 5. Calculated potential barrier for the internal rotation
of the phenyl group in a free phenethylammonium ion. The
potential barrier of each conformation is determined by
referring to the most stable conformation with the dihedral
angle of 90°. The solid line is the result of the curve fitting by
a potential function with the two-fold symmetry (see text).

the efficiency of the 'H decoupling due to the molecu-
lar motion dominates the temperature dependence of
the line broadening after the coalescence of the peaks.
In the coalescence process, however, both mechanism
will contribute to the line broadening. In the present
work it is not possible attribute with certainty the
broadening mechanism of the chemical exchange be-
cause of the small separation among the peaks and
the lack of spectra at the lower temperature, at which
the molecular motion is frozen. So, in the temperature
range from 293 K to 313 K the mean value of the line
width for the split peaks was used to discuss the tem-
perature dependence of the line width quantitatively.
Figure 4 shows Av vs. /T plots for the three sub-
stances, of which the slope gives the E, value of the
motion of the phenyl group as described in [18]. These
values of E, are 24 kJ mol~! and 25 kJ mol~! for the
chloride and the bromide, respectively, both of which
are comparable to that of the iodide (25.0 kJ mol~1).
This means that the potential barrier for the reorienta-
tion of the phenyl group around the 1-4 axis is similar
among three compounds.

The ab initio MO calculation yields the contribu-
tion of the intramolecular interaction to the potential
barrier of the phenyl rotation, extracting the inter-
molecular interaction feeling the phenyl group in the
interface between the inorganic layers. Figure 5 shows
the calculated potential barrier for the internal rotation
of the phenyl group in a free phenethylammonium ion.

The lowest energy of the phenethylammonium ion
was given in a conformation with ¢ = 90°. In or-
der to evaluate the potential barrier quantitatively, the
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calculated value in Fig. 5 was fitted by a potential
function assuming the two-fold symmetry as

V= %[1 — cos(p)] + ‘—;‘i[l — cos(2¢)]

The potential barrier of the internal rotation of the
phenyl group in a free phenethylammonium ion
was evaluated to be V5 = 13.9 kJ mol~! and V; =
0.8 kJ mol~!. The V; value reflects approximately
the maximum energy difference in the potential func-
tion with the two-fold symmetry, which is deter-
mined by only the intramolecular interaction. Com-
paring this value with the experimental values of E,
for the phenyl reorientation, the intermolecular in-
teraction contributing to E, will be evaluated to be
10 kJ mol~! for the three compounds. This value is
relatively small, suggesting that the phenyl groups in-
teract weakly with each other in the interface between
the inorganic layers, and that the free volume in the
surrounding of the phenyl group is relatively large.
Further information about the local structure
around the phenyl group and the mode of the motion
of the phenyl group can be obtained by the second
moment analysis of the line width at the maximum
broadening. The line width of the maximum broaden-
ing is characterized by the 'H-!C dipolar interaction
which is averaged out by some motion of the phenyl
group. The line width at the maximum broadening
(Avp,y) is smaller in both the chloride (ca. 700 Hz)
and the bromide (ca. 550 Hz) than in the iodide (ca.
1000 Hz). In [13] we used the second moment anal-
ysis to identify the mode of the motion in the iodide,
and the Av_,, value is interpreted very well by the re-
orientation of the phenyl group with a 180° flip angle.
The second moment due to the 'H-'3C dipolar inter-
action is reduced by the factor F, which is determined
by the mode of the motion for the phenyl group. The
reduced part of the second moment, which is averaged
by the motion of the phenyl group, is represented by
AM, = (1 - F)M, (rigid), in which M, (rigid) is the
second moment in the rigid lattice and is calculated
to be 4.5x 10°rad?s 2 for the phenyl group. The AM,
value dominates the line width at the maximum broad-
ening. When the reorientation of the phenyl group
with 180° flip angle takes place, the theoretical value
of AM, is calculated to be 2.5x 10°rad?s2. On the
other hand, the experimental values of AM, are eval-
uated from the line widths of the maximum broaden-
ing by use of the relation AM, = 4r%Av,, v, [18],
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yielding 1.6x10°rad?s~2 and 1.3x0°rad?s~ for the
chloride and bromide, respectively. These values are
much smaller than the theoretically calculated ones.
It is considered that these discrepancies in AM, are
caused by the pre-reduction of the dipolar interaction
due to the chemical exchange processes between the
disordered orientations as described above. Thus, the
differences in AM, between the experimental and the
theoretical ones, which are 0.9x 10°rad?>s~2 for the
chloride and 1.2x 10°rad®s~ for the bromide, are re-
garded as the AM, reduced by the chemical exchange
processes. Using the above values, we can estimate
the mean angles made by the phenyl groups in each
of the disordered orientations. For simplification, we
assumed the two-site jump model, and the reduction
factor F is provided from the expression of AM, de-
rived by Andrew and Latanowicz [19] as

3 A
F=1- 2 [sin2 20 sin? (T<P) + sin* 8 sin® Aap] 5

where 6 is the angle between the C-H vectors and
Ay the flip angle of the C-H vector around the 1-4
axis. In the phenyl group, the typical value of 6 is 60°
when we assume rotation around the 1-4 axis. This
relation leads to a mean jump angle of the chemical
exchange of the phenyl group of about 35° for the
chloride and about 42° for the bromide. This result
suggests that the phenyl group in the bromide has
two possible orientations around the 1-4 axis with flip
angle of 42°, and that in the chloride has three possible
orientations within the flip angle of 35° around the 1-4
axis. In the temperature range from 293 to 313 K the
phenyl group undergoes chemical exchange among
these orientations within the range of the flip angle
Ay of each compound. Above 313 K, reorientation
of the phenyl group with larger flip angle such as
180 — Ay may take place.

In the present work, the following new aspects are
found: (1) Disorder in the phenyl group is existing
in the chloride and the bromide. (2) The apparent ac-
tivation energy of the motion of the phenyl group is
similar among the three compounds. (3) The mean in-
tramolecular interaction dominating the internal rota-
tion of the phenyl group is evaluated to be 15kJmol~!
by ab initio MO calculation, and the intermolecular in-
teraction is found to be about 10 kJ mol~!. (4) Chem-
ical exchange processes take place between the dis-
ordered orientations in the chloride and bromide.

These findings provide a new picture of the lo-
cal structure: the orientation of the phenyl group in
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the phenethylammonium ion. the subsitution of the
halogen atom in the inorganic layer, PbX,?~, brings
about an anomalous elongation of the a-axis for the
[C¢HsCH,CH,NH,],PbX, crystal as the ionic ra-
dius of the halogen decreases, whereas for the b-
and the c-axis an extension was observed in the
order Cl<Br<I (see Table 1 in [14]). Thus, the
distance between neighboring phenyl groups in the
organic layer, which is proportional to both the b-
and c-axis, will be enlarged in the order Cl < Br
< L. This enlargement will mainly affect the inter-
molecular interaction for the rotation of the phenyl
group, expecting that the activation energy of the
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