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Single crystals of gnaphthalene have been examined by both X-ray and neutron diffraction over a range of
temperatures from 5 to 295 K. The aim of this case study was to measure the anisotropic displacement
parameters (ADPs) of carbons and hydrogens and to interpret them using the model of thermal motion proposed
by Burgi and Capelli Acta Cryst.200Q A56 403). The traditional rigid-body analysis expresses the low-
frequency motions in terms of molecular translations and librations only, whereasrtie-Bapelli treatment

also includes the high-frequency internal modes. We show that a considerable improvement occurs by
representing the internal modes by a single second-rank tensor and that a further improvement follows by
including a Gimeisen parameter to account for volume thermal expansion. By applying the treatment to
multi-temperature diffraction data, there is a considerable reduction in the ratio of number of adjustable
parameters/number of independent observations.

Introduction the atomic mean square displacement maftixof which the

Atomic displacement parameters (ADPs) are routinely derived 3 x 3 diagonal blocks are the experimental ADPs, is expressed

in crystal-structure analysis. They relate to the mean-squareIn terms of normal-mode frequencies and eigenvectors:
displacements of the atoms from their average positions in the X —_

crystal. For molecular crystals, Cruickshank showed that these (M) =AgVa(T)VgA +e (1)
quantities can be interpreted in terms of the rigid-body vibrations ) ] ) )

of the molecule and allow the calculation of its thermodynamic WhereA is the transformation matrix from atomic to normal
properties:—3 Cruickshank’s analysis was subsequently extended Mode coordinatesy is the mass correction matri¥/ is the

by Schomaker and Trueblobavho formulated the so-called ~€igenvector matrix is the symmetric matrix of the mean-square
TLS model, which is in wide use today. This model yields three displacements arising from the high-frequency intramolecular
second-rank tensors that are associated with the external mode¥iPrations, and(T) is the diagonal matrix of the temperature-
of vibration: the molecular translation tensor (T), the libration dependent mean-square normal mode displacements. For each
tensor (L), and the tensor S representing correlation betweennormal modg, with associated frequenay;, the mean-square

the translational and librational motion. amplitude is given by:
The rigid-body TLS model has significant shortcomings: the
trace of S cannot be determined because it depends on the 0,(T) = (W2w;) coth (w;/2kT) )

unknown correlation of the displacement amplitudes and it takes

no account of intramolecular vibrations. These limitations were  This formalism results in an internally consistent physical
addressed by Bgi and Capellf who proposed an alternative  model that allows us to describe the ADPs in a wide temperature
method of analyzing the ADPs. Their model describes the range with a small and unique set of parameters. When only
temperature evolution of the ADPs, which are partitioned into the three rigid-body librations and the three rigid-body transla-
temperature-dependent and temperature-independent portiongjons are considered in the model of motion, the first part of eq
the former including molecular librations and translations and 1 can be easily rewritten in the well-known Schomaker and
the latter including molecular deformations. In their formalism, Trueblood formalism:
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Provided diffraction data are available at various temperaturestions#4-48 Studies on nonrigidity?-°¢ anharmonicity?*->2 and
(preferably in both the low-temperature quantum and the high- pressure dependence of lattice m&d@és have also been
temperature classical regimes), the element4 tife frequencies performed.

of the normal modes); and the 3x 3 diagonal blocks of the In this paper, we describe the measurement of both X-ray
e tensor can be obtained by least-squares fitting from the and neutron diffraction data on single-crystgtrtaphthalene
experimental ADPs. in both the quantum and the classical regimes (i.e., between 5

To account for the effects of anharmonicity resulting in and 293 K) and the derivation of the molecular motion in the
thermal expansion and variation with temperature of the normal- solid from the temperature-dependence of the experimental
mode frequencies, a Guaisen parameteyq(j) for each normal ADPs. We then compare the results obtained by using the TLS
modej has been introduced in the model: and the Bugi—Capelli treatments with the literature data.

L Vo Aw Experimental Methods
vel) =~ AV (4)
0 Synchrotron X-ray Data. X-ray intensity data for a single
. ) . crystal of -naphthalene grown from ethanol solution (size 0.15
In this way, a direct dependence of the effective normal-mode "o 1 x 0.1 mn#) were collected with a Bruker-SMART-CCD

frequency on the temperature is achieved: detector at the ID11 beamline of the European Synchrotron
o . ) _ Radiation Facility (ESRF), Grenoble, at 32 kelM= 0.38745(2)
Werr (1,T) = wo()[L — y() AVIVy (T] = &) and at 10, 30, 60, 90, 120, 150, 180, and 220 K. The 10, 30,

oL — ys() xT1 (5) and 60 K data were collected using an Oxford-diffraction Helijet
open-cycle helium cryostream, whereas the data from 90 to 220
wherewo andwer are respectively the harmonic frequency and K were obtained using an Oxford-cryosystem open-cycle

the effective anharmonic frequency of fjtie normal mode and ~ hitrogen cryostream. Due to icing problems at the end of the
% = AVIV, is the coefficient of thermal expansion. 60 K data collection, the crystal cracked and a new crystal of

Naphthalene is one of the first molecules to which Cruick- comparable size had to be used for the-220 K measurements.
shank applied his theory of the rigid-body vibrations of a A sample to detector distance of 8.223 cm gave a resolution
molecule in a crystal. From the anisotropic displacement at the edge of the CCD detector of 0.57 A (6ia = 0.88 A™1).
parameters refined from X-ray diffraction data, he calculated Three series of 450 frames were collected wit-scan and a
the amplitude of the translational vibrations of the center of rotation width of 0.4 with exposure time bl s atfixed w
mass and the angular oscillations about the inertial axes of theposition (» = —155,—110, —55°) to better sample reciprocal
molecule. These values allowed him also to calculate the meanspace (6 h total collection time per temperature). For the three
frequencies for the optic branches of lattice vibratidrisin helium-temperature datasets, only one series of 450 frames could
his work, Cruickshank also predicted the temperature depen-be used for integration, due to alignment problem of the Helijet
dence of translational and librational motions in naphthalene. head that produced ice on the crystal in th&10 and—55° w
Later, Pawley and Yeatsused the formalism developed by positions. Cell dimensions and space group were determined
Cruickshank to refine the structure of perdeutero-naphthalenewith the Bruker-SMART softwar® from all reflections with
from single-crystal neutron diffraction data in the rigid-body 1/o(I) > 50 in the first 450 images of each data collection. On
thermal motion model and derived ADPs from the refifed  average, a total 05000 and~13 000 reflections per data set
and L tensors. Cruickshank’s predictions on temperature- were integrated with the program SAIRfIrespectively for the
dependence of molecular motion in naphthalene were testedhelium and nitrogen temperatures] 900 of which were unique
experimentally by Brock and Dunfton single-crystal X-ray (Rint in the range 0.02250.0402), giving an average complete-
diffraction data collected between 92 and 240 K using the ness of the datasets 6093% for the three lowest temperatures
Schomaker and Trueblood TLS formalism and showed some and~96% for the others. Because of the short wavelength used
limitations in explaining the low-temperature data, suggesting in the experiment, no absorption correction was made. Initial
that an appropriate correction for anharmonicity had to be models of the structures were obtained by direct methods and
applied to the Cruickshank treatment. Baharie and P&\alsyp refined by full matrix least-squares orf Bsing SHELX9726
tried to understand the effect of anharmonicity in crystalline All carbon atoms were refined anisotropically. Hydrogen atoms
perdeutero-naphthalene using neutron diffraction from a powder were located in the difference Fourier map and refined freely.
sample in a temperature range from 5 to 293 K, and they showed Neutron Data. Neutron data sets were collected on a single
that reasonabl@ andL tensors could be obtained by powder crystal of k-naphthalene grown from ethanol and sealed in a
diffraction data, provided that an adequate treatment of the quartz tube to minimize sublimation (size>4 2 x 1 mn¥).
background was made. Recently, a new attempt to analyze theMeasurements were made on the four-circle diffractometer D9
Brock and Dunitz diffraction data with the "Bgi—Capelli at the Institut Laue-Langevin, Grenoble, at a wavelength of
method has been madiebut the lack of diffraction data in the ~ 0.840 A in a 2 K four-circle cryo-refrigerator at six tempera-
low-temperature quantum regime was a limitation in determining tures: 5, 30, 80, 150, 220, and 295 K. At 295 K, the reflection
the thermal motion of naphthalene in the crystal. Oddershedeintensities were too weak for recording abovwe 2 60°, but
and Larser! who investigated the electron density of naph- measurements at somewhat higher angles were possible at the
thalene in attempting to deconvolute the thermal motion from other temperatures. For all temperatures, at least 600 unique
the diffraction data, have collected new X-ray data in the reflections were measured, each after averaging two or more
classical regimeX100 K). Moreover, naphthalene and perdeu- symmetry-equivalent reflectionsR¢; in the range 0.012%
tero-naphthalene have been subjected to extensive studies b¥).0256). No absorption correction was applied. Standard
many other techniques, ranging from IR and Raman stifd#&s software was used to analyze the data and determine the lattice
to the determination of the phonon frequencies and density of parameters. The same initial models of the structures used in
states from inelastic neutron scatterffig?® together with lattice- the refinement of the X-ray data were refined by full matrix
dynamicalf”~#! molecular dynamic$43and theoretical calcula-  least-squares orflising SHELX972° All hydrogen atoms were
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Figure 1. ORTEP” thermal ellipsoids of the carbon and hydrogen atoms, as calculated from neutron diffraction data at three temperatures.

TABLE 1: Normal-Mode Frequencies: X-ray Synchrotron Data at 10, 30, 60, 90, 120, 150, 180, and 220 K

frequency € Grineisen R
model eigenvector (cm™) (carbon) y GOF (%)
TLS 0.90L, 0.09L, 0.01L, 104(3) 2.98 5.1

0.09L, 0.91L, 70.9(8)
0.01L, 0.99L, 51.7(3)
0.96T, 0.04T, 39.6(1)
0.03T;, 0.96T,, 0.01T, 44.0(2)
0.01Ty, 0.99T, 46.3(4)
TLS, € 0.90L,, 0.09L,, 0.01L, 103(3) —6(1) 0(0) 0(0) 2.70 4.6
0.09L,, 0.91L, 70.6(7) —7(1) 0(0)
0.01L, 0.99L, 51.4(3) —3(1)
0.96T,, 0.04T, 38.8(1)
0.04T,, 0.94T,, 0.02T, 44.0(2)
0.01T;, 0.99T, 45.9(4)
TLS, €,y 0.90L,, 0.09L,, 0.01L, 109(2) 2(1) 0(0) 0(0) 2.3(1) 1.84 3.0
0.09L,, 0.91L, 74.1(6) 1(1) 1(0)
0.01L, 0.99L, 53.8(2) 5(1)
0.96T,, 0.04T, 41.9(2)
0.04T,, 0.95T,, 0.01T, 47.7(2)
0.01T;, 0.99T, 50.0(3)

located in the difference Fourier map and all atoms were refined introduced only in the analysis of the neutron data). In the third
anisotropically’’ model (TLS,e, y), a single Gfaeisen parameter is included
Modeling of Thermal Motion. ORTEP’ drawings of the for all six external modes to account for the influence of thermal
thermal ellipsoids obtained at three temperatures from neutronexpansion. Note that these models are less sophisticated (i.e.,
diffraction data are shown in Figure 1. They show clearly the contain fewer adjustable parameters) than those used 't Bu
presence of both translational and librational motion of the entire et al1?in the analysis of the Brock and Dunitz X-ray d&taut

molecule. our aim is to examine whether the addition of a rather limited
In the temperature range-295 K, naphthalene crystallizes number of extra parameters is justified.

in space grougP2,/a with two molecules per unit cell. (The All the ADP sets were analyzed in a molecular coordinate
nonstandardP2,/a space group setting has been retained for system for which the-axis corresponds to the long axis of the
consistency with previous work.) The crystal symmetrgis molecule, they-axis is orthogonal to the-axis and lies in the
and factor group analysis shows that there are 12 lattice modesmolecular plane, and the-axis completes the right-handed
6 Raman-active librations (3 withgand 3 with B, symmetry), orthogonal set. The blocks of thetensor are expressed in a
3 IR-active translations (2 with fand 1 with B, symmetry), local coordinate system having the 11-direction along the

and 3 acoustic vibrations not observable at the origin of the C—C—C exocyclic bisectors for the carbon atoms, or along the
Brillouin zone. In the ADP-analysis presented in this work, we C—H bond for the H atoms, the 22-direction orthogonal to the
have used the mean field approximation, i.e., we treated the 11-direction in the molecular plane and the 33-direction in the
case of a single molecule moving in the mean field of its out-of-plane direction.
surrounding crystalline environment, and so we condidered only
6 external modes. Results

Three different models of thermal motion have been used in
fitting the observed ADPs. The first uses the usual degrees of 1. Molecular Motion in the Crystal. 1.1. X-ray ResultsThe
freedom of the rigid-body model (TLS) with three translational results from the analysis of the ADPs obtained by synchrotron
frequencies and the associated eigenvectors each with threeX-ray measurements at eight different temperatures in the range
components JTy T, and three librational frequencies with the 10-220 K are illustrated in Table 1. The normal-mode
corresponding eigenvectors with componenisL, L,. The frequencies, the eigenvector components, then€isen param-
correlation tenso8 is always zero for naphthalene, on account eter, and the elements of theensors were obtained by least-
of symmetry, and so the TLS model is the same as the original squares fitting against the observed ADPs, using the program
TL model of Cruickshank. In the second model (TLS, a NKA.58
constant symmetric & 3 block diagonal matrix is added at In Table 1, we see that the eigenvectors and frequencies are
all temperatures, representing the temperature-independent corlittle changed from one model to another. In the (Td)$nodel,
rection term for the intramolecular vibration of the carbon and the extra tensos accounting for the high-frequency modes has
hydrogen atoms (the blocks for the hydrogen atoms have beennegative components, indicating the presence of anharmonicity
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TABLE 2: Normal-Mode Frequencies: X-ray Laboratory Data at 100, 135, 170, and 205 K

frequency € Gruneisen R
model eigenvector (cm™) (carbon) y GOF (%)
TLS 0.90L, 0.09L,, 0.01L, 103(3) 15.7 3.2
0.09L, 0.91L 69.7(6)
0.01L, 0.99L, 52.8(3)
0.927T,, 0.07T, 0.01T, 40.5(1)
0.07T, 0.87T,, 0.06T, 45.8(2)
0.07T,, 0.93T, 45.1(3)
TLS, € 0.90Ly, 0.09Ly, 0.01L, 103(2) —16(1) 0(0) 0(0) 11.7 2.4
0.09L, 0.91L, 69.7(5) —21(2) 0(0)
0.01L, 0.99L, 51.9(3) -2(2)
0.94T,, 0.06T, 38.3(2)
0.05T, 0.94T,, 0.01T, 43.1(3)
T, 44.7(4)
TLS, €,y 0.91Ly, 0.08Ly, 0.01L, 108(2) 11(2) 0(0) 0(0) 2.9(2) 8.4 1.7
0.09L, 0.91L, 73.0(4) 7(2) 0(0)
L, 54.7(3) 24(2)
0.94T;, 0.06T, 43.9(4)
0.05T,, 0.94T,, 0.01T, 50.5(6)
T, 52.8(7)
TABLE 3: Normal-Mode Frequencies: Neutron Data at 5, 30, 80, 150, 220, and 295 K
frequency € € Grineisen R
model eigenvector (cm™) (carbon) (hydrogen) y GOF (%)
TLS 0.74L, 0.261 63(2) 6.1 22.2
0.26L, 0.74L 53(1)
L, 44(1)
0.93Ty, 0.06T,, 0.01T, 35.5(4)
0.06T, 0.92T,, 0.02T, 40.2(8)
0.02Ty, 0.01T,,0.97T, 52(2)
TLS, el 0.87L, 0.13L, 91(4) 57(6) 1(4)  6(5) 34 12.2
0.13Ly, 0.87L 64(1) 130(6) —9(5)
L, 49(1) 210(7)
0.88Tx, 0.09T;, 0.03T, 35.6(2)
0.05T;, 0.84T,, 0.117T, 39.2(4)
0.07T,, 0.07T,,0.86T, 43(1)
TLS, €2 0.87L, 0.13L 91(3) 6(3) 2(2) 6(2) 586) 1(4) 6(4) 33 11.8
0.13L, 0.87L 64(1) -23) —-9(2) 128(6) —4(5)
L, 48(1) 2(2) 211(7)
0.89T, 0.10T,, 0.01T, 35.9(3)
0.07T,, 0.84T,, 0.09T, 39.9(5)
0.04T,, 0.06T,,0.90T, 43(1)
TLS,e,y  0.89L 0.11L 110(2) 21(3) 2(1) 6(1) 75(3) 2(2)  6(2) 4.0(1) 1.9 6.6
0.11L, 0.89L, 75.6(8) 17(1) —10(1) 156(3) —14(3)
L, 56.7(5) 22(1) 242(4)
0.90Ty, 0.07T,, 0.03T, 43.8(3)
0.097Tx, 0.86T,, 0.05T, 49.4(5)
0.01T,, 0.07T,,0.92T, 53.5(6)
in the ADPs>® In fact, when a Gioeisen parametey is become positive when anharmonicity is taken into account,
included, i.e., the (TLS,y) model, all the components ef values of the normal-mode frequencies within two standard
become positive. deviations of those given in Table 1, and finally similar

The outcome of an equivalent ADP analysis of the laboratory eigenvector components and values of gh@runeisen param-
X-ray data measured by Oddershede and Latsah four eter.
temperatures between 100 and 205 K is shown in Table 2. We 1.2. Neutron ResultsTable 3 refers to the neutron results
note that the results in Tables 1 and 2 are quite similar, despitefrom measurements on the D9 diffractometer at the Institut
the fewer temperatures of the laboratory X-ray data. Indeed, in Laue-Langevin, Grenoble. In this case, we have employed two
terms of R factors, it appears that the laboratory results are versions of the second model (Tk§,In (TLSe1), only the
superior to those obtained with the synchrotron, whereas hydrogen contributions to thetensor are considered [Model
according to the goodness-of-fit (GOF), the latter are preferred. (TLS,1) has been considered for consistency with the “TLS-
The betteR factor for the laboratory data could be ascribed to corrected” model widely used in the neutron diffraction com-
the better resolution of the diffraction data (6iti = 1.16 A1) munity], whereas in (TLS¢2), additional contributions for the
resulting in an improved determination of the experimental carbon atoms are introduced. Unlike the X-ray results, the
ADPs, whereas the high GOF for the same data could likely be frequencies are considerably altered when extra parameters are
due to the very small standard deviations on the ADPs obtainedincorporated in the TLS model. These frequencies are remark-
in the laboratory. ably similar for all the “enhanced” models and are comparable
In Table 2, we observe the same progression as in Table 1:with those obtained by X-rays. Tkecomponents for (TLS1),
a continuous improvement of the fit with increasing complexity (TLS,2), and (TLS,y) are all positive, and the Gneiseny
of the model of motion, negative elements of theensor that parameter is a little larger than those obtained from X-ray data.
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TABLE 4: Summary of Lattice Mode Frequencies for Naphthalene Using Various Techniques

translational

librational

T frequencies frequencie$
technique (K) (cm™) (cm™) ref.
ADP-analysis on X-ray data P20 41.9 47.7 50.0 53.874.1109 this work
ADP-analysis on neutron data —295 43.849.453.5 56.7 75.6 110
rigid-body analysis on X-ray data RT 47 62 84 3
Raman spectroscopy RT 5476 199 12
4574 127y
polarized Raman 4 69 88 120
56 81 141 17
293 5174109
46 71125
Raman spectroscopy 2 6889 121 21
57 84 141
Raman spectroscopygtiaphthalene) 25 6595112
5580 131 24
292 45 69 100
infrared spectroscopy RT 53 66 98 16
far-infrared 80 66 105 18
far-infrared 4 78.6 109 20
terahertz absorption spectroscopy RT 65 27
coherent INS (gtnaphthalene) 6 58 78 107 64 84 112 29
5479 130
coherent INS (gtnaphthalene) 98 5177106 6180109 29
5378127
incoherent INS (gtnaphthalene) 5 4595 64 80110 30
5070135
theoretical calculations (Williams’ potential V) RT 46 62 91 57 87 109 19
47 80 105
theoretical calculations (anharmonic potential) RT 56 73 108 57 87 117 51
55 84 140

a(S) = symmetric mode; (A)= antisymmetric mode.

Clearly, there is a progressive improvement in the fits to the temperature range493 K. They observed a high-frequency
neutron data as we progress from the TLS to theél&odel. shift of the peak positions by lowering the temperature, with
1.3. Discussion.The normal mode harmonic frequencies shifts up to~15 cnT! when comparing the two limiting
obtained for the rigid body degrees of freedom by ADP analysis temperatures. The temperature dependence of the line shape,
of the three different sets of diffraction data with the model line width, and frequencies of Raman active phonons in
(TLS,y) are for all practical purpose equivalent, overlapping naphthalene has been studied also by Bellows and Pfasad
within three standard deviations. The values for the librational the temperature range-290 K, confirming a frequency shift
modes are around 55, 74, and 109¢émand those for the  of the order of~12 cnt! between the limiting temperatures.
translational modes lie in the range-4@3 cnt ™. Taking into They observed also that the major contribution to the temper-

account anharmonicity, i.e., calculating the effective tempera- ature-dependence of the phonon frequencies was due to the
ture-dependent frequencies using eq 5, the values for thecrystal thermal expansion.

librational modes at the lowest temperatures (5 and 10 K) are Among the many experimental and theoretical studies found

:23':ﬁ;esntntghtrgfr:na;(mrzn'gaotges ﬁg:gazoegsﬁqe;gﬁ;ge ggitrr(g;in the literature regarding the infrared spectra of crystalline
Y Y » W '9 peratu haphthalené3~15.2022.23,2526,448 gy a few of them consider

for example at 220 K where the coefficient of thermal expansion the vibrational region below 400 crh(see Table 4). This region

calculated from the diffraction data is very similar for the two is important in naphthalene because of the presence of out-of-
sets of data, the frequencies change according to thee&en plane skeletal bending occurring in the £5D0 crr! regiorts

arameter: the higher the parameter, the lower the frequency. o SO . .
b g P 9 y that could mix with the lattice vibrations occurring at frequencies

At 220 K, the synchrotron data give effective librational . .
frequencies of 49, 68, and 100 chwhereas the neutron data < 150 cn™™. Harada and Shlmanouéﬁobserved peaks at 175
give values of 48, 64, and 93 cth and 191. cm! and a split peak at~ 210 cnt?l, but no
Table 4 gives a comparison of the translational and librational assumptions were made about them. Later ca]culanns by
frequencies obtained for crystalline naphthalene using different PaYVl'GY and ,CWW showed that th.e & mode_ occurring .at 176
techniques. cm~1 gives rise to a frequency-shift and splitting in going from
In their remarkable work on the Raman-active lattice modes "® frec_a molecule to the f:rystal. _ ]
of naphthalene, Kastler and Roud3etere able to identify both A widely used experimental technique to study lattice
the symmetry and the axes of librations relative to each of the Phonons is inelastic neutron scattering. The dispersions of the
six frequencies in the spectra. At room temperature, they found low-frequency phonons have been determined by coherent
that the order of the frequencies follows that of the moments inelastic neutron scattering in-daphthalene at $8and at 6
of inertia of the molecule, and they were able to assign K®2 (the k = O frequencies are given in Table 4). In the
symmetric and antisymmetric librations. A few years later, experiment at 6 K, the authors measured the dispersion of the
Suzuki, Yokoyama, and Ité studied the effect of temperature two lowest internal modes that appear, with two doublets at
on the lattice vibrations and mean-square amplitudes of rota-the zone center: 170/182 and 196/198 ¢énmespectively, for
tional oscillation, using the polarized Raman technique in the the Bs, and A, modes. A confirmation of the shift to higher
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frequencies with decreasing temperature was obtained also bythe entire Brillouin zone. Despite these different emphases in
incoherent inelastic neutron scattering frogindphthalene at  interpreting the Gineisen parameter, the values obtained by
5, 80, and 296 K? ADP analysis of the three different set of diffraction data,
Considering that the isotope effect produces a red-shift in respectively 23, 29, and 40, can be considered to be in broad
both the Raman and IR spectra of about20% when passing ~ agreement with the literature values.
from he- to dg-naphthalené? the rigid-body frequencies obtained The temperature-independent elements otttensor refined
by ADP analysis for frnaphthalene are in the average range from ADP analysis coming from intermolecular vibrations vary
observed by other techniques. In particular, the librational slightly according to the type of experiment. Théensor for
frequencies obtained by ADP-analysis agree quite well, whereasthe carbon atoms refined from synchrotron data has the smallest
the translational ones tend to be underestimated in comparisorvalues whereas those refined from neutron data give larger
to those reported in the literature, especially in the case of the values overall, especially for the off-diagonal elements. The
highest A, mode, corresponding to a translation along the long laboratory X-ray data would sit exactly midway if it were not
molecular axis. The fact that in a theoretical calculation also for the exception otss.
the translational frequencies tend to be underestiriatedn The numerical values can be compared to those obtained by
indication that the mean-field approximation may not be able Birgi et al1° using the same Einstein model on the X-ray data
to treat these types of normal modes. Moreover, the effective of Brock and Dunitg and to ab initio calculations. First of all,
frequencies show a temperature-dependence and a frequencyone should note that in ‘Bgi's analysis of Brock and Dunitz
shift in line with the observations from Raman spectroscopy data, an overalt tensor, equal for all atoms and with enforced
and inelastic neutron scattering. It is impressive to note that monoclinic symmetry, was used to account for systematic errors
the librational frequencies obtained by Cruickshank in 1956 for in the diffracted intensities. In this work, no overalttensor
naphthalene at room temperature, respectively 47, 62, and 84was necessary, possibly because of the low-temperature data
cmi, are not far from those reported from more modern of the neutron and synchrotron diffraction sets and of the
techniques and they are quite close to the frequencies calculate@ombination of high resolution and multipole refinement for
with the TLS model of motion. In this context, we should stress Larsen’s laboratory X-ray data. The numerical values(€f)
that a simple model that takes into account just the main physical obtained from spherical refinement of the Brock and Dunitz
parameters, such as that developed by Cruickshank, can indeedata are larger than those obtained in this work for the neutron
provide a satisfactory overall description of the system. How- and synchrotron data, and those obtained from multipole
ever, the deeper insight gained by the present analysis justifiesrefinement compare well with those derived from the refinement
the increased complexity of the approach. of the neutron data. The values fey; and €»; obtained by
Anharmonicity manifests itself by the variation of line width ~ density functional theory (DFT) calculatiof$respectively 15
and energy shifts with temperature or pressure. Both effects wereand 13x 104 A2, are not too far from those obtained from
observed in naphthalene by optical spectrosébgiP*and by neutron ADP data, whereas those obtained from synchrotron
inelastic neutron scatteririd=¢In these studies, theGrineisen ~ ADP data are underestimated. The DFT valuesgfcalculated
parameters for the external phonons were determined orincluding the lowest two out-of-plane deformation frequencies
calculated. Dows et af3 in their study of the pressure (respectively 176 and 193/195 cfaccording to both theofy
dependence of the Raman lattice modes, obtained values of théand experiment®), is definitely larger: 35< 10~4 A2 Larsen’s
Grineisen parameters in the range-383, respectively, for laboratory data give aatensor for the carbon atoms showing
the highest (8125 cnt?) and lowest (B 46 cnt?) frequencies. reasonable values fef; andeyy, i.e., slightly smaller than the
Nicol et al3* measured the same Raman active lattice modes DFT calculated ones, whereag is closer to the value obtained
as a function of temperature and pressure and reported valuegrom the neutron data. In addition, the smaller valuesefigr
of y at room temperature of 2.9 for the, 826 cn * frequency andey; and the larger value farss reflect the trend of the DFT
and of 5.1 for the 46 cri By frequency. Shmelzer et & ,in calculations.
their incoherent inelastic scattering measurement en d In Figures 2 and 3, visual comparisons of the difference
naphthalene, found values between 3.2 and 5.0 for the 12displacement parametelsps — Ucac are given for the syn-
branches of the external phonon dispersion curves at 100 K,chrotron and the neutron data sets. In the first columns, the
whereas Sheka et &f.for a similar experiment, reported values model of motion is the Schomaker and Trueblood TLS (model
in the range 2.84.2. In 1987, Hener and Kiefet* determined TLS€1 in the case of the neutron data), and in the second
the temperature dependence of th&rineisen parameter of  column, we use the (TL§y) model illustrated respectively in
the Raman active external modes gardphthalene, and for the  Tables 1 and 3 for the two sets of diffraction data. Looking at
temperature region 8300 K, they calculated mean values the first column, a systematic trend can be recognized both in
ranging from 2.7 to 3.5. Jindal and Dlgttcalculated mode  Figures 2 and 3: the differences are mainly positive at low
Gruneisen coefficients for hydrostatic and uniaxial compression temperature (530 K), they go completely negative around
in hg-naphthalene in the range 3:8.4 at the origin of the 120-150 K and change again to largely positive at the upper
Brillouin zone. temperature, whereas positive and negative differences in the
In comparing our estimates of with those reported in the ~ second column are more evenly distributed, indicating a better
literature, we have to be cautious, in particular with the data fit of the observations.
from inelastic neutron scattering: they are not directly compa- 2. Calculation of Thermodynamic Functions.The trans-
rable not only because of the isotope effect but also becauselational and librational frequencies obtained by analysis of the
the variation in phonon frequencies with temperature is due to ADPs obtained by diffraction data can be used together with
both the deformation of the unit cell with temperature and the internal ab initio frequencies to calculate the molar heat capacity
phononr-phonon interaction. In our case, we ascribe the entire Cy in the solid®162Ab initio frequencies for the high-frequency
anharmonic effect to the deformation of the unit cell with normal modes of fnaphthalene have been calculated by
temperature and we use only one parameter to describe theDTF?%46and scaled quantum mechanical (SQM) mettiédhe
anharmonicity of the 12 branches of the external phonons in calculatedCy values are compared graphically in Figure 4 with
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Figure 2. PEANUT plot$° of the difference displacement parameters
Uobs — Ucae for naphthalene synchrotron data (see Table 1). (a)
Schomaker and Trueblood TLS model; (b) anharmonic §Snodel.
Solid lines indicate positive differences, dotted lines indicate negative
differences.

the experimental values ofp measured by Southard and
Brickweddé? in 1933 and by Chirico et al. more recenéty.

In the temperature range 300 K, calculated values are
higher than experimental ones. This is due to the Einstein
approximation used in the ADP analysis, which neglects the

J. Phys. Chem. A, Vol.

110, No. 41, 20061701
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Figure 3. PEANUT plot$? of the difference displacement parameters
Uobs — Ucaic for naphthalene neutron data (see Table 3). (a) Schomaker
& Trueblood TLS¢1 model corrected for hydrogen internal motion;
(b) anharmonic TLS,y model. Solid lines indicate positive differences,
dotted lines indicate negative differences.

agT%, and so the thermal expansion coefficienti.e., the
derivative of the volume as a function of temperature, takes
the form:oV/OT = y = 2a,T + 3agT? Note that the 2 in the
denominator of eq 6 accounts for the two molecules in the unit
cell.] The values of compressibility estimated from the difference
between the calculated and experimental curves in the temper-
ature range 100300 K are compared in Table 5 with the
literature values found for naphthaléh& and with those
calculated from temperature and pressure-dependence of the
lattice parameters ingghaphthalen&8.69

Conclusions

linear dependence of the acoustic phonons on the wave vector

in the inner part of the Brillouin zoneln the temperature range
100—-350 K, the calculated curve is lower than the experimental

In this work, we have shown that the analysis of the
temperature dependence of the ADPs provides a good descrip-

one. This discrepancy is probably associated with the anhar-1ion of the essential features of the molecular motion of the

monic contribution toCp:%°

X2'T'V' N,

AC T

(6)

P

where V is the molar volume,y the volume expansion
coefficient, and«o the compressibility of the crystal at zero
pressure. [The volume has been expressad=asvo + a,T? +

naphthalene molecule in the crystal. The frequencies and
eigenvectors of the external normal modes, together with the
contribution to the ADPs coming from the internal normal
modes and a Gneisen parameter to account for anharmonicity,
have been refined from both synchrotron X-ray and neutron
diffraction data and gave results comparable to those obtained
by other experimental techniques. The increasing complexity
of the model of motion gives clear indications that a simple
rigid-body description is not sufficient to explain all the features
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Figure 4. Molar heat capacity of naphthalene. Comparison of experimental and calculated values.
TABLE 5: Compressibility Values for Naphthalene in the Solid at 298 K (GPa'?)
experimental calculated Ko Ko Ko
volume volume internal internal internal
(diffraction at 298 K freq. from freq. from freq. from Ko Ko Ko® Ko®
data data, /) (A3 DFT46 SQMes DFT?6 expse exp®” calcs8 calc®®
neutron 362.07 (at 295 K) 362.35 0.1897 0.1910 0.2088
X-ray$ 35773 (at280 K 360.34 0.1902 0.1914 02001 0185 0178 015 0.154

a Synchrotron data measured at ID11, ESRF, Grenoble; quadratic and cubic expansion coefficients from neutron volume expah&iel data.
parameters from synchrotron powder data measured at ID11, ESRF, Grenoble (unpulsiislagalyefers to gtnaphthalene? Best fit to pressure
volume data using the modified Murnaghan equation.

in the ADPs at multiple-temperatures, but including a simple Finally, the study of molecular motion in the solid state can
tensor to account for the temperature-independent contributionsbe pursued by using a lattice dynamical approach, which has
to the ADPs leads to an improved fit of the observations. The been successfully applied to small and medium-size organic
addition of a single Gmeisen parameter to account for moleculed?3%50.7872or minerals’® Lattice dynamics, of course,
anharmonicity improves the analysis even further. offers a more complete treatment but the complexity of the
As already stated by Pawley and Cy¥fhnaphthalene is a  calculation increases rapidly with the size of both the molecule
molecule for which we could expect the approximation of the and the lattice parameters. The ADP approach, on the other
separation between internal and external normal modes wouldhand, also allows the analysis of part of the same structure
not hold because of the closeness of the highest external to thendependently of the rest, as (for example) in the study if the
two lowest internal mode frequencies, respectively 14Tcm  hydroquinone molecule in thesHQ)s clathrate comple¥ or
at 2 K21and 176 and 193 cm at 4.7 K28 Our model of motion the dihydrogen ligands in the complex Rujt}2-Hy)2(Pcy)..®
could be extended to explicitly include the two lowest out-of- Furthermore, it has been shown for the benzene molecule that
plane deformations, but we preferred to concentrate on the ADP-analysis and lattice dynamical calculations produce results
simplest models using the smallest possible number of param-in close agreement with one anotHeér.
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