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Abstract

Infrared spectra of hydrogenated diamond nanocrystals of one nanometer length are calculated by ab initio methods. Positions of
atoms are optimized via density functional theory at the level of the generalized gradient approximation of Perdew, Burke and Ernz-
erhof (PBE) using 3-21G basis states. The frequencies in the vibrational spectrum are analyzed against reduced masses, force
constants and intensities of vibration. The spectrum can be divided into two regions depending on the properties of the vibrations or
the gap separating them. In the first region, results show good matching to several experimentally obtained lines. The 500 cm ™!
broad-peak acoustical branch region is characterized by pure C—C vibrations. The optical branch is centered at 1185 cm™!. Calcula-
tions show that several C—C vibrations are mixed with some C—H vibrations in the first region. In the second region the matching
also extends to C—H vibration frequencies that include different modes such as symmetric, asymmetric, wagging, scissor, rocking
and twisting modes. In order to complete the picture of the size dependence of the vibrational spectra, we analyzed the spectra of
ethane and adamantane. The present analysis shows that acoustical and optical branches in diamond nanocrystals approach each
other and collapse at 963 cm™! in ethane. Variation of the highest reduced-mass-mode C—C vibrations from 1332 cm™! of bulk
diamond to 963 cm™! for ethane (red shift) is shown. The analysis also shows the variation of the radial breathing mode from
0 cm™! of bulk diamond to 963 cm™! for ethane (blue shift). These variations compare well with experiment. Experimentally, the

above-mentioned modes appear shifted from their exact positions due to overlap with neighboring modes.

Introduction

Diamond nanocrystals are a very important material theoretic-  high hardness, inertness and high thermal conductivity. The
ally and experimentally. This importance seems to originate additional properties added by reduction to the nanoscale make
from the extraordinary properties of bulk diamond that include  diamonds and related carbon materials a focus for recent
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investigations [1-9]. One of the first steps of investigating a ma-
terial is the characterization of its properties. The present work
is concerned with the theoretical calculation of vibrational
infrared frequency lines of diamond nanocrystals and the varia-
tion of these vibrations from molecular to bulk sizes. Several
previous calculations from other authors assigned different
origins for some of the well observed lines, such as the experi-
mental 500 and 1130-1332 ¢cm™! diamond nanocrystal lines
[2,3,6]. In the present work we shall try to explain and calcu-
late some of these lines. In addition, we shall discuss C—H
vibrations and their mixing with C—C vibrations. The impor-
tance of identifying C—H frequencies will be shortly demon-
strated in the subsequent sections. The variation of C—C vibra-
tions with the size of the carbon—hydrogen molecules or
nanocrystals is shown by including the investigation of ethane

and adamantane molecules.

Theory

Density functional theory at level of the generalized gradient
approximation of Perdew, Burke and Ernzerhof (PBE) is used
in the present work to determine stable optimized positions of
atoms in the nanocrystal [10]. Double-zeta 3-21G basis func-
tions are chosen to perform the above calculations so that all
vibrational analysis is performed with the same level of theory,
which is feasible within our computer system in terms of
memory and time. The chosen diamond nanocrystal is of 1 nm
length. It has the stoichiometry Cg4Hgy. After optimizing
geometrical positions, vibrational frequencies are determined by
solving coupled perturbed Hartree—Fock equations [11,12]. The
frequencies are then analyzed against other vibrational prop-
erties such as reduced masses, force constants and infrared
vibration intensities. To complete the picture of C—C vibrations
with size variation we included the infrared vibrational frequen-
cies of ethane and adamantane molecules using the same level
of theory.

Results

The program Gaussian 03 [13] is used to optimize the geome-
tries and calculate the vibrational spectra of diamond
nanocrystal, ethane and adamantane molecules. The calculated
frequencies need to be corrected for the systematic frequency
error that results from ab initio calculations [10]. The previous
estimation of this scale factor for PBE theory by using the
3-21G basis is 0.991 [14]. Note that different authors use
different scale factors for the same basis at the same level of
calculation [10,14,15]. The present scale factor is one of the
nearest scale factors to the unscaled data (very close to 1) and
will be used without modification for all spectra.

Figure 1 shows the vibration frequency of the CgqHgy
nanocrystal. This figure and the following two figures include
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the analysis of vibrational reduced masses, force constants and
infrared vibrational intensities against the frequency of vibra-

tion.

Figure 2 shows the vibrational frequencies of adamantane.
Figure 3 shows vibrational the frequencies of ethane. Figure 4
shows the variation of the highest reduced-mass mode (HRMM)
of C—C vibrations and radial breathing mode (RBM) with the
number of carbon atoms. Figure 5 shows the RBM displace-
ment vectors in diamond nanocrystal Cg4Hgy at 330 cm™!. For
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Figure 1: (a) Intensities, (b) force constants and (c) reduced masses
of the diamond nanocrystal Cg4Hs4 infrared spectrum as a function of
frequency.
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Figure 2: (a) Intensities, (b) force constants and (c) reduced masses
of the adamantane infrared spectrum as a function of frequency.

comparison of the present calculations a wide range of refer-
ences exist for C—C and C—H vibrations [16-19]. Theoretical
behavior of the radial breathing modes for nanomaterials can be
found in reference [20].

Discussion

In the first part of Figure 1 (0-1589 cm™!), we can note that
most vibrations have a reduced mass of 2 atomic mass units
(amu) or greater. This means a less active C—H vibrational

contribution in this region. Most vibrations in the first region
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Figure 3: (a) Intensities, (b) force constants and (c) reduced masses
of the ethane infrared spectrum as a function of frequency.

are C—C vibrations. The reduced mass formula of two particles
of masses m, and my, is given by:
1

1
—t—
my | mg O

1
n

Although the above equation is for diatomic molecules, it can
be used for the understanding of vibrational modes of other
larger molecules. We can note from the above equation that the
reduced mass of two carbon atoms (the mass of one carbon
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Figure 4: Frequencies of RBM and HRMM as a function of the number
of carbon atoms. Experimental modes are from references [14,19].
The limits of these two modes in bulk diamond are shown.

>

Figure 5: RBM displacement vectors in the diamond nanocrystal
CgqHgq at 330 cm™,

atom is approximately 12 amu) can be approximately 6 amu,
which is the case of C—C vibrations and can be seen not to be
exceeded in the reduced masses of Figure 1c. In the other two
following figures (Figure 2¢ and Figure 3c) the highest reduced
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masses are 6.49 and 4.06 amu, respectively. This shows that the
above rule is also approximately followed. The value of
6.49 amu of Figure 2c is due to movement of carbon atoms in
phase with one of their bonded hydrogen atoms which makes
their effective masses 13 instead of 12. On the other hand the
C—H reduced vibrational mass is approximately 0.923 amu (the
mass of one hydrogen atom is approximately 1 amu) and can be
seen not to be violated in the three figures (Figures 1c—3c) by
going to less than this value. All the reduced-mass points in the
three Figures 1-3 are in between these two values (0.923 to
6.49 amu).

In order to determine peaks related to the bulk diamond struc-
ture and separate them from surface C—H vibrations, two condi-
tions have to be met. The first condition is that the reduced
mass has to be the closest to the reduced mass value of two
atoms C—C at 6.5 amu (highest possible value in the spectrum),
and the second condition is that it has to have a distinguishable
high force constant that converges to the bulk diamond force
constant at 4.7 mDyne/A [16]. Two trends can be seen in the
reduced masses of Figure 1c. The first trend is the acoustical
branch that begins from the beginning of the spectrum and has
peaks at 330, 516, 646, and 782 cm™ L. This broad peak ends at
nearly 819 cm™! when the optical branch begins, which has
strong oscillations between a lower limit above 1 amu reduced
mass and highest values of reduced masses (HRMM)
(5.25 amu) at 1185 cm™!. However, the highest intensity peaks
in the above two regions have different positions than the
highest reduced masses due to the overlap between neighboring
peaks. We shall continue to refer to the value of the pure mode
rather than the experimentally observed peak, which may move
slightly due to overlapping. The range 300—700 cm ! is the only
wide range of frequencies that is totally free from the contami-
nating C—H vibrations, which have less than 2 amu of reduced
mass. In our opinion this is the origin of the broad 500 cm™!
peak of diamond nanocrystals reported repeatedly in literature
with varying explanations [2,4]. The existence of this broad
peak is a definite signal of the existence of diamond nanocrystal
structures.

From displacement vectors, the vibrational mode at 330 cm™!
peak is identified as the RBM in diamond nanocrystals (see
Figure 5). This mode corresponds to radial expansion—contrac-
tion of the nanocrystal. From the value of the reduced mass and
force constant, the HRMM peak at 1185 cm™! is the distorted
original experimental 1332 cm™! diamond bulk line [2]. This
phenomenon is termed as the vibrational red-shift effect in
nanocrystals [21]. The idle strong bonds of bulk diamond are
weakened in nanocrystals because of surface and reconstruc-
tion effects. Since surface effects penetrate at least three layers
of the surface [1], the present nanocrystal, which has four layers
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between surface and core, will maintain a small number of idle
tetrahedral bonds at the center or the core part of the present
nanocrystal. The value of the force constant at this frequency
(Figure 1b) supports this argument, having the exceptional
value 4.4 mDyne/A, close to the ideal bulk-diamond force
constant mentioned earlier (4.7 mDyne/A). As nanocrystals
grow in size the intensity and force constant of this line
increases and surface effects decrease, which enhances the
strength of the bonds. Since the frequency of vibration is
proportional to the force constant of the vibrating bond as given
by the equation

v=L & )
2n p’

the frequency of the present 1185 cm™! line will increase as the
nanocrystals increase in size and head towards that of the bulk
at 1332 cm™!. Note that many C—H vibrations interfere with the
highest peak at 1185 cm™! and continue to the end of the first
part of Figure 1. This can be noted from the high oscillation in
reduced masses at the end of first part of Figure 1c. The above
range of frequencies are identified experimentally in nanodia-
monds, such as the lines 1132, 1134, 1140, 1150, and
1240 cm™! in references [2,4,5,7,8], respectively. These lines all
belong partially to the originally distorted bulk diamond line at
1332 em™!, which appears at different positions in different
sizes of nanocrystals. C—H vibrations on the surface of
diamond-like carbon or hydrocarbon molecules are near to the
present C—H vibrations [16-18]. As an example, C—H vibra-
tions that nearly match the low-frequency and reduced-mass
vibrations in Figure 1 include those at 700, 755, 840, 910, 1030,
1075 and 1110 cm™! as can be seen in Table 8 of [18]. These
vibrations include different modes of vibrations such as
rocking, bending, twisting and wagging [16-18].

The end of the first part of Figure 1 (1170 to 1589 cm™}) is
distinguished from the beginning of Figure 1 by lower reduced
masses and is mainly due to C—H vibrations that are coupled
with C—C vibrations in the first part of the figure. C—H vibra-
tions of similar frequencies on the surface of diamond-like
carbon that match frequencies in Figure 1 include those at 1170,
1180, 1280, 1325, 1445, 1450 and 1490 cm™! as can be seen in
Table 8 of [18].

A frequency gap in the range 1589-2920 cm™! is seen in
Figure 1 compared to a frequency gap in the range
1490-2850 cm™! in bulk diamond-like carbon or hydrocarbon
molecules [18]. The differences can be attributed to various
reasons, such as an internal structure effect, scale factor effect,

size effects, etc.
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An important feature of the second part of Figure 1 (range
2920-3174 cm™!) is that the reduced masses are all practically
equal to 1. This is a sign that all modes are C—H modes. This
includes symmetric and asymmetric stretching of CH, and CH3
surface clusters, and symmetric deformation of the CH3 cluster.
At the end of Figure 1 an sp? hybridization mode is expected
[18]. As in the case of the first part of Figure 1, many of the
present frequencies are very near to their analogous lines in
diamond-like carbon surfaces and hydrocarbon molecular
frequencies such as the lines 2850, 2875, 2920cm™!, etc. [18].
Some of these lines are identified experimentally in diamond
nanocrystals themselves, such as the 2857, 2930, 2971 cml,
etc., lines [7].

In order to examine the variation of RBM and HRMM vibra-
tional properties with the size transition from molecules to
nanocrystals we investigated adamantane (C;oH¢), the smallest
diamondoid, and ethane (C,Hg), the smallest hydrocarbon, with
C-C bonding using the same level of theory. As we can see
from Figure 2 and Figure 3, the general shape of the intensity,
force constant and reduced mass data are nearly the same as in
Figure 1 with the exception of having a lower number of points
and different peak heights. The breathing modes of adamantane
and ethane are indicated in Figure 2 and Figure 3, respectively.
The highest reduced-mass C—C lines are also indicated on these

figures.

Figure 4 shows the frequency variation of RBM and HRMM as
a function of the number of carbon atoms. In this figure we also
included our theoretical results for RBM and HRMM of
diamantane (C4H»() and triamantane (C;gH,4) using the same
level of theory. The experimental values of the breathing and
highest reduced-mass C—C modes of ethane and diamondoids
[14,19], and the limits of these modes as nanocrystals grow in
size are shown [2,20]. Since we have one C—C bond in ethane,
the breathing mode in ethane is actually a one-dimensional
stretching mode. The breathing-mode frequency is inversely
proportional to the mean radius of the nanoparticles such that it
approaches 0.0 cm™! as these particles grow in size [20].
Experimental results of the HRMM C—C mode are limited. This
can be attributed to the weak and gradually increasing intensity
of this mode with increasing size. As an example, the theoreti-
cal intensities of the three present working examples C,Hg,
CioHjg and CgqHgy are 0.0, 0.0001 and 1.1148 km/mole, res-
pectively, as calculated by the present theory. This mode
becomes the dominant mode in intensity in bulk diamond crys-
tals at 1332 cm™!. Force constants for this mode also increase,
as can be seen in the above figures, from 2.26 to 4.42 mDyne/A
as we go from ethane to Cg4Hgy. To the best of our knowledge,
the trend of frequencies of these modes (RBM and HRMM) in
Figure 4 as hydrocarbon molecules or diamond nanocrystals
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grow in size has not been presented previously in the literature.
The two modes converge to one mode as the number of carbon
atoms decreases to 2 atoms in ethane. Since RBM is actually an
acoustical mode while the HRMM mode is an optical mode,
Figure 4 also shows the collapse of acoustical and optical
modes of bulk diamond to one mode at the ultimate molecular
scale. To the best of our knowledge this “branch collapse” had
not been reported before. In view of the recent applications of
diamond nanocrystals that include medical [22] and industrial
applications [23] involving the use of infrared spectroscopy, the
present research has an extraordinary importance. The present
method that incorporates the reduced-mass and force-constant
analysis is sometimes used in solid-state physics and nanocrys-
tals [21,24]. It is also used in large molecules, such as RNA
[25,26].

Conclusion

As concluding remarks, we can note that the present theory can
adequately reproduce many of the experimental data of infrared
vibrational frequencies. This includes the 330-1185 c¢m™!
modes in the C—C vibrational region. The region around the
broad peak at 500 cm™! has pure C—C vibrations and is a sign of
diamond structure in nanocrystals. The present theory repro-
duces adequately various C—H vibrations, which include
symmetric, asymmetric, wagging, scissor, rocking and twisting
modes. It also reproduces the movement of the radial breathing
mode and highest reduced-mass C—C mode as nanocrystals
grow in size. The variation of the highest reduced-mass mode
C—C vibrations from that of ethane at 963 cm™! to that of bulk
diamond at 1332 cm™! is shown. The variation of the radial
breathing mode from that of ethane at 963 cm™! to that of bulk
diamond at 0 cm™! is also shown and is also found to coincide
with experimental values. Acoustical and optical vibrational
branches of bulk diamond are proved in the present work to ap-
proach each other at the nanoscale and collapse at the molec-
ular limit.

References

1. Abdulsattar, M. A. Solid State Sci. 2011, 13, 843-849.
doi:10.1016/j.solidstatesciences.2011.03.009

2. Filik, J.; Harvey, J. N; Allan, N. L.; May, P. W,; Dahl, J. E. P,; Liu, S;
Carlson, R. M. K. Phys. Rev. B 2006, 74, 035423.
doi:10.1103/PhysRevB.74.035423

3. Ferrari, A. C.; Robertson, J. Phys. Rev. B 2001, 63, 121405(R).
doi:10.1103/PhysRevB.63.121405

4. Prawer, S.; Nugent, K. W.; Jamieson, D. N.; Orwa, J. O.; Bursill, L. A;
Peng, J. L. Chem. Phys. Lett. 2000, 332, 93-97.
doi:10.1016/S0009-2614(00)01236-7

5. Kuzmany, H.; Pfeiffer, R.; Salk, N.; Gunther, B. Carbon 2004, 42,
911-917. doi:10.1016/j.carbon.2003.12.045

6. Tang, C. J.; Neves, A. J.; Carmo, M. C. Appl. Phys. Lett. 2005, 86,
223107. doi:10.1063/1.1941457

10.

1

-

12.

13.
14,

15.

16.

17.

18.

19.

20.

2

=

22.

23.

24,

25.

26.

Beilstein J. Nanotechnol. 2013, 4, 262-268.

. Wen, C.; Jin, Z. H,; Liu, X. X;; Li, X.; Guan, J. Q.; Sun, D. Y.; Lin, Y. R;

Tang, S.Y.; Zhou, G; Lin, J. D. Spectrosc. Spectral Anal. 2005, 25,
681-684.

. Roy, M.; George, V. C.; Dua, A. K,; Raj, P.; Schulze, S.; Tenne, D. A;

Salvan, G.; Zahn, D. R. T. Appl. Surf. Sci. 2002, 191, 334-337.
doi:10.1016/S0169-4332(02)00215-5

. Chen, Y.-R;; Chang, H.-C.; Cheng, C.-L.; Wang, C.-C.; Jiang, J. C.

J. Chem. Phys. 2003, 119, 10626—10632. doi:10.1063/1.1620503
Foresman, J. B.; Frisch, A. Exploring Chemistry with Electronic
Structure Methods: A Guide to Using Gaussian, 2nd ed.; Gaussian
Inc.: Wallingford, CT, USA, 1996.

.McWeeny, R. Rev. Mod. Phys. 1960, 32, 335-369.

doi:10.1103/RevModPhys.32.335

McWeeny, R. Phys. Rev. 1962, 126, 1028—1034.
doi:10.1103/PhysRev.126.1028

Gaussian 03, Revision B.01; Gaussian, Inc.: Wallingford, CT, USA.
NIST Computational chemistry comparison and benchmark database,
release 15b, 2011. http://cccbdb.nist.gov/ (accessed Nov 14, 2012).
Lakard, B.; Herlem, G.; Lakard, S.; Fahys, B.

J. Mol. Struct.: THEOCHEM 2003, 638, 177-178.
doi:10.1016/S0166-1280(03)00567-0

Schrader, B., Ed. Infrared and Raman Spectroscopy; VCH: Weinheim,
Germany, 1995.

Mayo, D. W.; Miller, F. A.; Hannah, R. W. Coarse notes on the
interpretation of infrared and Raman spectra; John Wiley & Sons:
Hoboken, NJ, USA, 2003.

Robertson, J. Prog. Solid State Chem. 1991, 21, 199-333.
doi:10.1016/0079-6786(91)90002-H

Filik, J.; Harvey, J. N.; Allan, N. L.; Maya, P. W,; Dahl, J. E. P,; Liu, S;
Carlson, R. M. K. Spectrochim. Acta, Part A 2006, 64, 681-692.
doi:10.1016/j.saa.2005.07.070

Kittel, C. Introduction to Solid State Physics, 7th ed.; Wiley: New York,
NY, USA, 1996.

.Abdulsattar, M. A. J. Appl. Phys. 2012, 111, 044306.

doi:10.1063/1.3686610

Beranova, J.; Seydlova, G.; Kozak, H.; Potocky, S.; Konopasek, |.;
Kromka, A. Phys. Status Solidi B 2012, 249, 2581-2584.
doi:10.1002/pssb.201200079

Drew, M. E.; Konicek, A. R.; Jaroenapibal, P.; Carpick, R. W.;
Yamakoshi, Y. J. Mater. Chem. 2012, 22, 12682—12688.
doi:10.1039/c2jm16209a

Xiao, J. J.; Yakubo, K.; Yu, K. W. Phys. Rev. B 2006, 73, 224201.
doi:10.1103/PhysRevB.73.224201

Zhang, X. C.; Hu, Y. H.; Wang, X. J. Spectrosc. Spectral Anal. 2009,
29, 146-150.

Arunagiri, C.; Arivazhagan, M.; Subashini, A. Spectrochim. Acta, Part A
2011, 79, 1747-1756. doi:10.1016/j.saa.2011.05.050

267


http://dx.doi.org/10.1016%2Fj.solidstatesciences.2011.03.009
http://dx.doi.org/10.1103%2FPhysRevB.74.035423
http://dx.doi.org/10.1103%2FPhysRevB.63.121405
http://dx.doi.org/10.1016%2FS0009-2614%2800%2901236-7
http://dx.doi.org/10.1016%2Fj.carbon.2003.12.045
http://dx.doi.org/10.1063%2F1.1941457
http://dx.doi.org/10.1016%2FS0169-4332%2802%2900215-5
http://dx.doi.org/10.1063%2F1.1620503
http://dx.doi.org/10.1103%2FRevModPhys.32.335
http://dx.doi.org/10.1103%2FPhysRev.126.1028
http://cccbdb.nist.gov/
http://dx.doi.org/10.1016%2FS0166-1280%2803%2900567-0
http://dx.doi.org/10.1016%2F0079-6786%2891%2990002-H
http://dx.doi.org/10.1016%2Fj.saa.2005.07.070
http://dx.doi.org/10.1063%2F1.3686610
http://dx.doi.org/10.1002%2Fpssb.201200079
http://dx.doi.org/10.1039%2Fc2jm16209a
http://dx.doi.org/10.1103%2FPhysRevB.73.224201
http://dx.doi.org/10.1016%2Fj.saa.2011.05.050

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.4.28

Beilstein J. Nanotechnol. 2013, 4, 262-268.

268


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.4.28

	Abstract
	Introduction
	Theory

	Results
	Discussion
	Conclusion
	References

