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Self-assembled monolayers (SAMs) have recently garnered much interest due to their unique elec-
trical, chemical, and thermal properties. Several studies have focused on thermal transport across
solid–SAM junctions, demonstrating that interface conductance is largely insensitive to changes in
SAM length. In the present study, we have investigated the vibrational spectra of alkanedithiol-based
SAMs as a function of the number of methylene groups forming the molecular backbone via Hartree–
Fock methods. In the case of Au–alkanedithiol junctions, it is found that despite the addition of nine
new vibrational modes per added methylene group, only one of these modes falls below the max-
imum phonon frequency of Au. In addition, the alkanedithiol one-dimensional density of normal
modes (modes per unit energy per unit length) is nearly constant regardless of chain length, explain-
ing the observed insensitivity. Furthermore, we developed a diffusive transport model intended to
predict interface conductance at solid–SAM junctions. It is shown that this predictive model is in
an excellent agreement with prior experimental data available in the literature. © 2011 American
Institute of Physics. [doi:10.1063/1.3557823]

I. INTRODUCTION

Self-assembled monolayers (SAMs) are thin layers of
molecules that arrange themselves in an aligned array on the
substrate on which they are deposited. Such monolayers are
often comprised of linear alkanes, silanes, or benzenes rang-
ing from a few to tens of angstroms long. Each molecule can
be further functionalized via end groups such that a particular
property of the molecule is enhanced or inhibited (e.g., hy-
drophilicity or hydrophobicity). Self-assembled monolayers
have recently garnered much interest due to the combination
of their unique electrical, chemical, and thermal properties.
Specifically, SAMs and solid–SAM junctions have shown
promise in the fields of molecular electronics,1 thermoelectric
power generation and cooling,2 chemical functionalization of
interfaces,3–5 and thermal rectification.5, 6

The need for thermal characterization of these molecules
and the interfaces they comprise depends largely on the par-
ticular application for which the material system is suited.
In the case of thermoelectricity, the dimensionless figure of
merit is inversely proportional to effective thermal conductiv-
ity. As for thermal rectification, the degree of rectification is
related to the efficiency of thermal transport in one-direction
relative to that in the opposite direction. Within the field of
molecular electronics, this emphasis on thermal transport has
been driven in part by the findings of Segal and Nitzin,7 who
demonstrated that as much as 50% of the voltage drop across
a molecule will be dissipated as heat, thus suggesting that the
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efficiency of heat conduction away from the junction will be
a critical factor affecting related applications.

Explicit experimental thermal characterization of solid–
SAM interfaces has been fairly limited. Both Wilson et al.3

and Ge et al.4 indirectly investigated such interfaces by fo-
cusing instead on solid–SAM–liquid interfaces. Wilson et al.3

used subpicosecond laser pulses to study transient absorption
and thermal transport between alkanethiol-stabilized metallic
nanoparticles and a surrounding fluid matrix. In this partic-
ular study, it was found that the efficiency of thermal trans-
port exhibited a larger dependence on the surrounding ma-
trix (H2O or toluene) rather than the particular stabilizing
molecule implemented. Ge et al.4 used time-domain ther-
moreflectance to study thermal transport across planar inter-
faces between alkanethiol-functionalized metals and water,
finding that the particular functionalization (hydrophobic or
hydrophilic) could change the efficiency of thermal transport
across the interface by a factor of 2.

Turning to the studies which focused specifically on
solid–SAM interface conductance, Wang et al.8 measured the
thermal conductance of Au–SAM–GaAs sandwiches via the
3ω technique, where the SAM was comprised of alkanedithi-
ols eight, nine, or ten methylene groups long. It was found
that the conductance of these composite junctions was insen-
sitive to changes in the length of the alkanedithiols. How-
ever, due to the asymmetry of the junction, the authors did
not speculate on the efficiency of thermal transport at an
individual solid–SAM interface. Wang et al.9, 10 used sum-
frequency generation (SFG) spectroscopy to measure the ul-
trafast thermal conductance across Au–SAM (alkanethiol and
benzenethiol) junctions. These studies once again found that
thermal conductance measurements were insensitive to the
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length of the molecules forming the SAM, indicative of
interface-limited thermal transport.9, 10 The authors reported
interface conductance to be 220 ± 100 MW m−2 K−1 at
1000 K. This value is higher than others reported in the lit-
erature due to the ultrafast nature of the imparted heat pulses
and subsequent measurement.

Computational characterization of SAMs has been split
largely into two categories: works those focusing on single
molecules and works those focusing on solid–SAM junc-
tions. Segal and Nitzan have used classical7 and quantum
mechanical6, 11 models to investigate thermal transport in sin-
gle molecules coupled to external baths. Of particular inter-
est is the fact that molecular thermal conductance (along a
molecule, not across a junction) of alkanes was found to be
insensitive to changes in chain length for alkanes seven or
more methylene groups long.11 Additionally, it was noted
that anharmonic interactions within the molecule were rela-
tively small (<1%). This finding suggests that it is safe to
assume these (alkanes) and similar molecular chains behave
harmonically.

Luo and Lloyd performed both equilibrium12 and
nonequilibrium13 molecular dynamics studies of thermal
transport across Au–SAM–Au sandwiches. In the equilibrium
work,12 SAMs were comprised of alkanedithiols ranging from
eight to ten methylene groups long. It was found that the pre-
dicted thermal conductance of Au–SAM–Au junctions was
only weakly, if at all, sensitive to changes in molecule chain
length. It was subsequently suggested that this observed be-
havior could be attributed to the Au–SAM interfaces ulti-
mately dictating the efficiency of thermal transport across the
sandwich. Due to the symmetry of their computational do-
main, interface conductance at a single Au–SAM junction can
be determined to fall between 446 and 466 MW m−2 K−1 at
300 K.

Zhang et al.14 used nonequilibrium molecular dynamics
to gain further insight into the experimental work of Wang
et al.9, 10 In this work, they found that thermal transport across
Au–SAM junctions could be separated into two different tem-
poral regimes, the first (<20 ps after flash heating of the Au
substrate) in which Au atoms of the substrate and the terminal
S atoms of the SAM layer reach thermal equilibrium, and the
second (100–200 ps after flash heating of the Au substrate) in
which Au atoms of the substrate and the alkane backbones of
the molecules reach thermal equilibrium. The ultrafast sum-
frequency generation (SFG). measurements of Wang et al.9, 10

probed transport during this first regime, whereas the mea-
surements of Wang et al.,8 as well as the simulations of Luo
and Lloyd,12, 13 focused on mechanisms during the second
regime.

In the present study, we have sought to offer further ex-
planation of the observed insensitivity of solid–SAM conduc-
tance to molecule length.14 In particular, we have investigated
the vibrational spectra of alkanedithiol SAMs as a function
of the number of methylene groups forming the molecular
backbones of the molecules via Hartree–Fock methods, pay-
ing special attention to the vibrational overlap between the
SAM and Au (a common contacting solid). It is found that
despite the addition of nine new vibrational modes per added
methylene group, only one “elastically accessible” mode is

added. This, in combination with the changing length of the
molecules within the SAM layer, can be used to explain the
observed insensitivity. Furthermore, we have developed a dif-
fusive transport model for predicting interface conductance at
solid–SAM junctions, itself a loose adaptation of the widely
implemented diffuse mismatch model.15 We find an excel-
lent agreement between the predictions of this model and the
available experimental data in the literature. In addition, this
model demonstrates that while many factors influence thermal
interface conductance, e.g., surface roughness16 and adhesion
energy,17 thermal transport across Au–SAM interfaces is lim-
ited by the phononic/vibrational overlap between the Au and
SAM.

II. VIBRATIONAL SPECTRA OF LINEAR MOLECULES

To begin, the vibrational spectra of linear alkanedithiols
were calculated, where the molecular backbone of the alka-
nedithiols ranged from 5 to 15 methylene groups long. All
calculations were performed using the GAUSSIAN 09 W soft-
ware package. The individual molecules were initially con-
structed with an estimated geometry in GAUSSVIEW 5. These
rough molecules were subsequently sent to GAUSSIAN for the
optimization (lowest energy structure) via Hartree–Fock (HF)
methods with the LANL2DZ basis. The normal modes and
associated vibrational frequencies output by GAUSSIAN were
used in all subsequent calculations. By distributing the out-
put frequencies into discrete intervals (bins), we generate the
spectral distribution of the vibrational modes.

Figure 1 shows the calculated spectral distribution of
the vibrational modes of alkanedithiols 5 and 15 methylene
groups long. Each molecule has 3N − 6 vibrational modes,
where N is the number of atoms comprising the molecule.18

These results are in agreement with the work by Segal
and Nitzin.11 While total heat capacity (in units J K−1) is
directly related to the spectral distribution of vibrational
modes, the volumetric specific heat capacity (in units
J K−1 m−3), and hence, thermal conductance, is related to
the vibrational density of normal modes (DOM).18, 19 Thus,
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FIG. 1. Spectral distribution of the vibrational modes of alkanedithiols (top)
5 and (bottom) 15 methylene groups long calculated via Hartree–Fock meth-
ods. The total number of vibrational modes per molecule is 3N − 6, where N
is the number of atoms comprising the molecule. Thus, an alkanedithiol with
5 methylene groups forming the backbone will have 3 × 19 − 6 = 51 modes,
whereas an alkanedithiol with 15 methylene groups will have 3 × 49 − 6
= 141 modes, explaining the difference in the two histograms.
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FIG. 2. The vibrational density of normal modes (number of vibrational
modes per unit frequency per unit length) of alkanedithiols 5 (top) and 15
(bottom) methylene groups long. Note that despite a threefold increase in the
length between HS–(CH2)5–SH and HS–(CH2)15–SH, the vibrational den-
sity of normal modes does not change significantly. Much of the difference
between the upper and the lower plots rests in the fact that some vibrational
frequencies fall very close to the edge of the bins of the histogram.

our remaining discussion will focus on the vibrational DOM.
Figure 2 depicts the vibrational DOM of alkanedithiols 5
and 15 methylene groups long. In one-dimensional systems,
the vibrational DOM is defined as the number of vibrational
modes per unit energy per unit length. While each methylene
group contributes nine vibrational modes to the molecule as
a whole, additional methylene groups do not significantly
change the vibrational DOM. In other words, molecules
with more methylene groups forming their backbones have
more vibrational modes, but these modes are distributed
across a longer molecule. As evident in Fig. 2, the vibrational
DOM does not change significantly despite the threefold
increase in molecule length between HS–(CH2)5–SH and
HS–(CH2)15–SH.

III. VERIFICATION OF VIBRATIONAL SPECTRA

To verify the accuracy of the vibrational calculations, we
once again employed the HF methods summarized above to
calculate the spectral distribution of the vibrational modes of
octane. With this spectral distribution in hand, we calculated
the specific heat capacity of octane such that we could com-
pare the results of our calculations to experimental thermo-
physical data. Specific heat capacity of a molecule, C p, can
be expressed as

C p = 1

m

∑
i

¯ωi
∂ f

∂T
, (1)

where m is the mass of the molecule, ¯ is Planck’s constant
divided by 2π , ωi is the angular frequency of vibrational
mode i , f is the Bose–Einstein distribution, and T is the
temperature.

Figure 3 shows a comparison of our calculated heat
capacity of octane compared to the heat capacity of polyethy-
lene from Ref. 20. Polyethylene was chosen for comparison
because both polyethylene and octane are linear saturated or-
ganic molecules that should have similar properties below the
boiling point of octane. As clear from the plot, the agreement

50 100 150 200 250 300
10

100

1000

Temperature (K)

S
p
ec

if
ic

 H
ea

t 
(J

 k
g

–
1
 K

–
1
)

Calculated

Experimental [Ref. 20]

3000

10

FIG. 3. Calculated specific heat capacity of octane (solid line) compared to
experimental data (dashed line) from Ref. 20. Our calculations slightly under-
predict experimental values. This is due to the fact that HF methods overpre-
dict vibrational frequencies. As a result, specific heat capacity will be slightly
reduced since some vibrational modes will be inaccessible as determined by
the distribution function.

in trend between our calculated values and experimental
values is excellent, although our calculated values are slightly
below the experimental values between 50 and 300 K.
This is explained by the well-known fact that HF methods
traditionally overpredict vibrational frequencies.21 As a
result, specific heat capacity will be slightly reduced at lower
temperatures since some vibrational modes will be inacces-
sible or “frozen out” as determined by the Bose–Einstein
distribution function.

IV. DIFFUSIVE TRANSPORT MODEL

In order to investigate the insensitivity of interface con-
ductance to changes in molecule length, we have developed
a diffuse phonon scattering model loosely based on the dif-
fuse mismatch model15 for predicting interface conductance
at a solid–SAM junction. Example calculations are carried
out for a Au–SAM layer such that we can compare our re-
sults directly to experimental and computational data avail-
able in the literature. The discussion of thermal transport is
restricted in this context to that of phonons and molecular vi-
brations, as alkanedithiols are not efficient electrical conduc-
tors, and thus, electronic contributions to thermal transport are
negligible.

The foundation of any diffuse scattering model requires
the description of the thermal flux approaching the inter-
face. In order to increase the accessibility while simplifying
the computational requirements of the model, we employ an
isotropic assumption when describing the phononic proper-
ties of Au. That is, rather than considering the full phonon
dispersion across the entirety of the first Brillouin zone, we
assume the isotropic dispersion based on a single direction
of high crystallographic symmetry. In a previous work by the
authors, it has been shown that this assumption is acceptable
for predicting interface conductance across junctions between
fcc crystals.22 With respect to the present system of interest,
thiol-based molecules self assemble on the (111) surface of
Au.23 Thus, we take the dispersion of Au as a fourth-order
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polynomial fit of phonon dispersion from neutron scattering
data along the [111] crystallographic direction.24 With the
dispersion known, the ballistic phonon flux, q, traversing the
junction from Au to SAM can be represented as

q1→2 = 1

8π2

∑
j

∫
k j

¯ω j (k j ) k2
j ζ 1→2 |v j (k j )| f dk j , (2)

where k is the wavevector, ζ is the transmission probability,
v is the phonon group velocity and equal to ∂ω/∂k, and j is
the polarization (e.g., longitudinal acoustic, transverse acous-
tic, etc.). Again, only the phonon flux of Au is considered
(i.e., electronic contributions to thermal transport in Au are
ignored) since the alkanedithiol SAM layer is not electrically
conductive. Flux traversing the junction in the opposite direc-
tion, i.e., from SAM to Au, can be represented as

q2→1 = 1

A

1

L

∑
i

¯ωiζ
2→1 f v, (3)

where A is the coverage area per alkanedithiol and L is the
length of the alkanedithiol calculated from the optimized ge-
ometry. Coverage area is taken as 2.16 × 10−19 m2 (from
Ref. 23), and effective group velocity is assumed to be
near that of polyethylene and is taken as 2300 m s−1 (from
Ref. 25). This formulation of flux in the SAM (an anisotropic
media) is similar to that given by Duda et al.,26 in which the
authors described graphite as a linear superposition of uncou-
pled two-dimensional vibrational subsystems. It was found
that this approach was valid due to the fact that intralayer in-
teractions were much stronger than interlayer interactions. A
similar case can be made for SAMs, where intramolecular in-
teractions are much stronger than intermolecular interactions.
When computing the flux from Au to SAM via Eq. (2), only
modes that fall below the cutoff frequency of Au are con-
sidered. This “elastic” approach was chosen due to the fact
that Segal and Nitzin11 previously demonstrated anharmonic-
ity within linear alkanes is weak, eliminating the possibility
that inelastic processes at the interface will contribute to in-
terface conductance. Furthermore, Au–Au interactions are the
most “vibrationally restrictive” at the interface in the present
system of interest. This has been determined by taking the
second spatial derivative of empirical potentials that describe
Au–Au and Au–S interactions (from Ref. 12) to determine a
harmonic force constant. With this force constant and the ef-
fective mass of the oscillators known (

√
m1m2), one can quan-

titatively, albeit via first approximation, compare characteris-
tic frequencies of different bonds. The frequency associated
with the Au–S bonds is roughly 30% higher than that of the
Au–Au bond.

With the fluxes approaching the junction established,
ζ 1→2 can be determined through the application of detailed
balance. In this context, the principle of detailed balance as-
sumes the temperature drop across the interface is small,27

and thus, q1→2 = q2→1 (see Ref. 28 for a thorough assess-
ment of this procedure). In addition, under the diffuse as-
sumption ζ 1→2 = 1 − ζ 2→1. Using this relationship and the
representations of the flux approaching the interface detailed

in Eqs. (2) and (3), the transmission probability is given by

ζ 1→2 =
1
A

1
L

∑
i ¯ωi f v

1
8π2

∑
j

∫
k j
¯ω j (k j ) k2

j |v j (k j )| f dk j + 1
A

1
L

∑
i ¯ωi f v

.

(4)

This approach describes a scenario in which coupling be-
tween Au phonons and SAM molecular vibrations must
occur within the immediate proximity of the interface.
Such a treatment is warranted since, as mentioned above,
anharmonicity within linear alkanes is weak,11 and thus,
inelastic coupling (analogous to three-phonon processes in
crystals) along the chains is limited. In addition, this qual-
itative description is consistent with the experimental work
of Wang et al.9, 10 and the computational results of Zhang
et al.,14 both of which demonstrated that thermal transport
at Au–SAM interfaces is inherently restricted at the inter-
face itself. With the transmission probability established, the
temperature derivative of Eq. (2) yields an expression for
thermal interface conductance at a Au–SAM junction, given
as

h = 1

8π2

∑
j

∫
k j

¯ω j (k j ) k2
j ζ 1→2 |v j (k j )| ∂ f

∂T
dk j . (5)

Through implementation of Eq. (5), we have calculated
interface conductance for Au–SAM junctions where the
alkanedithiols comprising the SAM ranged from 5 to 15
methylene groups long, the results of which are shown in
Fig. 4.

In order to validate our model, we have selected two dif-
ferent experimental data sets, namely, that of Ge et al.4 and
Z. Wang et al.9 As is apparent in Fig. 4, the predictions of
our model do not line up with the data point of Ge et al.4
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FIG. 4. Calculated (hollow symbols) interface conductance as a function of
the number of methylene groups forming the backbone of the alkanedithiol
compared to available experimental and computational data (filled symbols).
Two different sets of Au parameters were implemented with the model to
best represent the exact data to which the model predictions were compared.
For comparison with the experimental data of Z. Wang et al., experimental
phonon dispersion was implemented. For comparison with the computational
data of Luo and Lloyd, phonon dispersion was calculated via harmonic lattice
dynamics with the same potential and parameters as implemented in their
study. In either case, the insensitivity of interface conductance to SAM length
is clear.
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However, this can be explained by the fact that the “interface”
examined in that work was, in fact, a composite Au-SAM-
H2O junction. It is reasonable to assume that poor vibrational
coupling between molecules and water lead to lower observed
conductances. On the other hand, Z. Wang et al.9 examined a
single Au-SAM interface, thus making their data better suited
for comparison to our model. From Fig. 4, the predictions of
our model are in excellent agreement with their data, both in
observed values and trends.

On the other hand, we found the present model un-
derpredicted the previously established computational re-
sults of Ref. 12, which considered interface conductance at
Au–alkanedithiol interfaces. However, in Ref. 12, Au–Au
interactions were described by the Morse potential. To
determine the degree to which this change in the descrip-
tion of Au would effect the predictions of the present model,
we employed the General Utility Lattice Program (GULP)
software package29 to calculate phonon dispersion of Au us-
ing the Morse potential with the same parameters as those
used in Ref. 12 (De = 0.475 eV, a = 1.583 Å−1, and r0

= 3.0242 Å, all taken from Ref. 30). We found that the Morse
potential implemented in Ref. 12 yields significantly greater
(∼50%) maximum phonon frequencies and group velocities
than those determined experimentally. The present model is
sensitive to the description of phonon frequencies and group
velocities of Au (Eq. (5) scales with group velocity). Thus,
when implementing the calculated Morse phonon dispersion
of Au (rather than experimental) in the present model, we find
a better agreement between the predictions of our model and
the computational data.

It is important to note that, although our model is quan-
tum mechanical and not classical (since we rely on the
Bose–Einstein distribution to describe the occupancy of the
respective vibrational DOM of Au and the SAM), we can still
compare the predictions of this model to the classical MD
results from Ref. 12. This is due to the fact that the Debye
temperature of Au is 170 K (from Ref. 19) and the simu-
lations were performed at 300 K. Thus, at this temperature,
Au behaves classically. While the simulated temperature is
not above the Debye temperature of the SAM, the harmonic-
ity of the SAM prevents inelastic phonon–phonon interac-
tions from occurring within the SAM itself. Thus, the vibra-
tional modes responsible for transport across the Au–SAM
interface are subject to the distribution of modes in the Au
substrate.

In order to explain the insensitivity of interface conduc-
tance to molecule length seen in Fig. 4, we return to the
results presented in Fig. 2. As discussed above, in terms of
the vibrational DOM (number of modes per unit frequency
per unit length), the additional modes that result from in-
creasing the number of methylene groups along the molecule
backbones are negated by the increasing molecule length.
Consequently, Eq. (3) will predict nearly the same flux re-
gardless of the number of methylene groups comprising the
same. This is due to the fact that the flux approaching the in-
terface is directly related to the vibrational DOM. In turn, the
transmission probability which ultimately governs interface
conductance remains unchanged, leading to a nearly constant
interface conductance.

V. CONCLUSION

We have investigated the vibrational spectra of
alkanedithiol-based SAMs as a function of the number
of methylene groups forming the molecular backbone via
Hartree–Fock methods. These spectra were used as an
input into a diffusive transport model to predict interface
conductance at solid–SAM junctions. We have shown that
the predictions of this model are in an excellent agreement
with previous experimental and computational data of in-
terface conductance at Au–alkanedithiol junctions. Through
consideration of the vibrational density of normal modes, we
explain the observed insensitivity of interface conductance to
the number of methylene groups forming the molecular back-
bones. It is shown that despite the addition of nine vibrational
modes per methylene group, the one-dimensional density
of normal modes remains nearly unchanged. This model
demonstrates that while many factors influence thermal
interface conductance, thermal transport across Au–SAM
interfaces is limited by the phononic/vibrational overlap
between the Au and SAM.
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