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Differential and integral cross section measurements, for incident electron energies in the 20–50 eV
range, are reported for excitation of several composite vibrational modes in α-tetrahydrofurfuryl
alcohol (THFA). Optimisation and frequency calculations, using GAUSSIAN 09 at the B3LYP/aug-
cc-pVDZ level, were also undertaken for the two most abundant conformers of THFA, with results
being reported for their respective mode classifications and excitation energies. Those calculations
assisted us in the experimental assignments of the composite features observed in our measured
energy loss spectra. There are, to the best of our knowledge, no other experimental or theoretical
data currently available in the literature against which we can compare the present results. © 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879779]

I. INTRODUCTION

Low- and intermediate-energy electron scattering data
are now available for a relatively large number of molecular
targets, although in the vast majority of those cases that data
are often incomplete.1, 2 While integral cross sections (ICSs)
and differential cross sections (DCSs) have been calculated
and measured with a wide variety of approaches, such data
are typically only available for the elastic scattering channel.
On the other hand, vibrational mode and electronic-state ex-
citation cross sections are relatively scarce with this being
true for both theoretical and experimental results. Unfortu-
nately, it is precisely those inelastic cross sections, along with
cross sections for dissociative electron attachment and ion-
isation, that are fundamental to obtaining a quantitative un-
derstanding of the role of electron-driven processes in many
natural phenomena3 and in technological (e.g., discharges
and low-temperature plasmas)4, 5 and medical (e.g., simulat-
ing charged-particle tracks in matter)6–8 applications. In the
case of vibrational excitation, the work that has been done
is usually associated with energy regimes where resonance
enhancement, due to the temporary capture of the incident
electron by the target, of the cross sections is found. While
this is clearly very important, for example, in the under-
standing of infrared auroral emissions from NO molecules in
our atmosphere,9 because the magnitudes of those vibrational
cross sections are significant when resonantly enhanced, there

a)Electronic mail: Michael.Brunger@flinders.edu.au

are also cases where cross section data away from reso-
nance, e.g., at intermediate energies, although much smaller
in magnitude, are still needed to quantitatively describe the
phenomenon in question.5, 8, 10

α-tetrahydrofurfuryl alcohol (THFA), see Fig. 1, has re-
cently been identified11, 12 as a better analogue moiety for
the backbone sugar deoxyribose, than is the chemically simi-
lar species tetrahydrofuran (THF). However, significantly less
experimental and theoretical effort has been devoted to THFA
compared to THF.5, 10, 13 The scattering data for THFA that
is presently available in the literature (electron, positron, and
photon) includes some independent atom method (IAM) elas-
tic cross sections and binary-encounter Bethe (BEB) total
ionisation cross sections,14 a total cross section (TCS) mea-
surement from Możejko et al.,15 some elastic DCS data16 at
intermediate to high energies, a dissociative ionisation study
from Milosavljević et al.,17 and some dynamical (e,2e) inves-
tigations from Bellm et al.18 and Jones et al.19 More recently,
a detailed study into electronic-state electron impact excita-
tion (20–50 eV) in THFA has been advanced by Duque et al.12

and Chiari et al.20 We note that those latest investigations12, 20

also included IAM with screened additivity rule (SCAR) cor-
rection computations for elastic DCS and ICS and the TCS
in THFA. From a positron perspective, we only know of the
TCS measurement from Zecca et al.21 Photoionisation cross
sections are also available,11, 22 as are photoabsorption cross
sections from the very recent measurement of Limão-Vieira
et al.11 That latter paper also contains a set of comprehensive
electronic-structure calculations, which showed that of the six

0021-9606/2014/140(21)/214306/8/$30.00 © 2014 AIP Publishing LLC140, 214306-1
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FIG. 1. Schematic diagram of the THFA molecule generated using Chem-
Bio3D Ultra 2010 Suite.46 The H, C and O atoms are indicated in white, grey
and red, respectively.

lowest energy THFA conformers only four would be likely to
be present in our THFA beam and of those conformers A and
C would be predominant (∼75% of the population).11 The ap-
parent lack of any electron impact vibrational excitation cross
section data for THFA forms one important rationale for this
investigation.

From a more fundamental perspective, α-tetrahydrofur-
furyl alcohol possesses both a significant average dipole
polarisability (∼70.18 a.u.12, 23) and strong permanent
dipole moment (∼2 D12, 15) which have been previously
observed24–26 to have an important effect on the collision dy-
namics of other systems. Indeed Chiari et al.20 found that the
DCSs for excitation of Rydberg bands of electronic-states in
THFA were all strongly peaked in magnitude at more forward
electron scattering angles, a result indicative for the impor-
tant dipole influence on the scattering process. However, in
their recent measurements for vibrational excitation in THF,
another polar species with a significant dipole polarisability,
Khakoo et al.27 found that the DCSs for the various excited
modes, and over quite a wide energy range (∼3–20 eV), were
almost isotropic. That result suggests that the intrinsic molec-
ular dipole properties of THF are not having a major effect on
the vibrational excitation collision dynamics, an observation
somewhat at odds with the electronic-state THF data of Do
et al.28 whose DCSs are all strongly peaked in magnitude at
forward angles. Hence, another rationale for the current work
was to study if the dipole moment and dipole polarisability of
THFA do influence the electron impact vibrational excitation
cross sections of this molecule. Details of our experimental
method and analysis procedures are given in Sec. II, with our
results and a discussion of those results then being presented
in Sec. III. Finally, in Sec. IV, some concluding remarks will
be drawn.

II. EXPERIMENTAL DETAILS AND ANALYSIS
PROCEDURES

Examples of the electron energy loss spectra (EELS),
measured in this study, are given in Fig. 2. Those data were ac-
quired with an apparatus based at Flinders University,29 which
has been described in detail many times previously. Briefly,
a monochromated beam of electrons with energies (E0) in
the range 20–50 eV and a typical flux of 1–3 nA was inci-
dent on an orthogonal beam of THFA. Our processes for en-
suring a stable beam of THFA (Sigma-Aldrich, 99% assay)

FIG. 2. Typical electron energy loss spectra of THFA at (a) E0 = 20 eV,
θ = 90◦ and (b) E0 = 50 eV, θ = 15◦ over the range −0.2 to 0.8 eV. The
overall spectral deconvolution fit is denoted by the solid red line, while the
fits to the various vibrational features are also shown by the dashed blue lines.
The features are identified according to their prevalent modes. For clarity the
elastic peak has been truncated in each case.

into the interaction region were given in Duque et al.,12 and
so are not repeated here. Note that under the stable beam
conditions maintained during the EELS measurements, the
THFA pressure in the vacuum chamber was kept between
5–10×10−6 Torr in order to minimise multiple scattering ef-
fects. The intersection of the electron and THFA beams de-
fined a collision volume, and those electrons which collided
with the molecules and scattered at some angle θ , known as
the electron scattering angle, were energy analysed using a
hemispherical selector before being detected with a channel
electron multiplier. Note that the angular range of the present
EELS was 10◦–90◦. Further note that the overall instrumen-
tal energy resolution employed in our measurements was
∼65 meV (FWHM), which was insufficient to resolve many
of the vibrational modes from one another (see Table I). As a
consequence, composite vibrational mode cross sections are
reported here (see Fig. 2). EELS were accumulated at each
scattering angle and incident energy (20, 30, 40, and 50 eV)
by recording the number of scattered electrons detected at
each energy loss value. The true electron count rate at each
given energy loss was recorded using a multichannel scaler
(MCS) synchronised to a linear voltage ramp that varied the
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TABLE I. Calculated vibrational energies (eV) of the most abundant conformers of THFA.11 These values are
used to assign the experimentally observed spectral features (see Fig. 2). Note that THFA has C1 symmetry in its
ground (X 1A) electronic state.11

Conformer A Conformer C

Experimental Experimental Vib. Energy Vib. Energy
energy loss (eV) assignment mode (eV) mode (eV) Assignment

0 “Elastic” Elastic peak
ν6 0.051 ν6 0.050 OH rotationa

0.09–0.27 “CC stretch” 2 × ν6 0.102 2 × ν6 0.100 2 × OH rotation
ν15 0.118 ν15 0.119
ν17 0.125 ν17 0.125 CC stretch
ν18 0.129 ν18 0.129
ν19 0.133 ν19 0.133

ν30 0.168 COH bend
ν31 0.170 ν31 0.170

2 × ν18 0.258 2 × ν18 0.258
ν18+ν19 0.262 ν18+ν19 0.262 2 × CC stretch
2 × ν19 0.266 2 × ν19 0.266

0.27–0.43 “CH2 stretch” ν36 0.358 ν36 0.358
ν37 0.362 ν37 0.359
ν38 0.363 ν38 0.362 CH2 stretch
ν41 0.370
ν44 0.375 ν44 0.376

0.43–0.60 “OH stretch/ ν45 0.455 ν45 0.455 OH stretch
combination”

ν18+ν37 0.491 ν18+ν37 0.488
ν18+ν38 0.492 ν18+ν38 0.491 Combination
ν19+ν37 0.495 ν19+ν37 0.492
ν19+ν38 0.496 ν19+ν38 0.495

0.60–0.80 “2 × CH2 2 × ν37 0.724 2 × ν37 0.718
stretch” ν37+ν38 0.725 ν37+ν38 0.721 2 × CH2 stretch

2 × ν38 0.726 2 × ν38 0.724

aThis vibrational frequency is comparable to our energy resolution so it may form combination bands that are unresolvable from
the other fundamental vibrations.

detected energy loss between −0.2 and 0.8 eV. In this way the
EELS are built up by continually scanning over the range of
energy loss values, so that the effect of any minor variations in
the target beam flux or incident electron current on an EELS is
minimised. EELS at each E0 and θ were repeatedly measured
(2–4 times) to ensure reproducibility of the inelastic to elastic
peak ratios (see later) within the experimental uncertainty.

As a part of this work, optimisation (and scaled30) fre-
quency calculations were performed for the most abundant
A and C conformers of THFA11 at the B3LYP/aug-cc-pVDZ
level in GAUSSIAN 0931 with the results of those computa-
tions being given in Table I. This table shows the vibrational
modes and combination bands of THFA with large infrared
(IR) intensities. As noted previously, with an energy resolu-
tion of ∼65 meV many of those allowed modes overlap so
that composite modes (see Table I) are experimentally as-
signed (see also Fig. 2). Note that many of these vibrations
are similar to those observed in the energy loss assignments
in Khakoo et al.27 for THF. The respective EELS were now
deconvoluted into contributions arising from each individual
or unresolved combination of excited vibrational states. In
each case one Gaussian function was used to describe the
spectral profile for each resolvable inelastic feature and the

elastic scattering peak, with typical examples of the results
from those fits (in which the peak energies and peak widths
are fixed in each case) being given in Fig. 2. The amplitudes
of the Gaussian functions were then varied in a least-squares
fitting procedure to provide the best fit to the measured spec-
tra. The ratio (R) of the area under the fitting function for each
ith vibrational feature to that under the elastic peak, at each
E0 and θ , is simply related to the ratio of the differential cross
sections (σ ) from:

Ri(E0, θ ) = σi(E0, θ )

σ0(E0, θ )
. (1)

Note that Eq. (1) is only valid if the transmission efficiency
of the analyser remains constant over the energy loss and
angular range studied, or is at least well characterised. Fol-
lowing a technique similar to that of Allan,32 an additional
focusing lens (synchronised to the voltage ramp) was also
employed to minimise variations in the analyser transmission
efficiency for electrons detected with different energy losses.
Of course in these measurements the scattered electron en-
ergies are all very similar to that for E0, so that a signifi-
cant transmission effect would not be anticipated. Nonethe-
less, we place a conservative uncertainty of 20% on our

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

161.111.22.69 On: Wed, 25 Mar 2015 15:07:01



214306-4 Duque et al. J. Chem. Phys. 140, 214306 (2014)

TABLE II. Present experimental vibrational-to-elastic ratios (×10−3), differential cross sections (×10−23 m2/sr), and related uncertainty (%) for electron-
impact vibrational excitation of the CC stretch in THFA (energy loss range 0.09–0.27 eV).

20 eV 30 eV 40 eV 50 eV
θ

(deg) Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty

10 6.22 420.48 29.4
15 7.69 257.40 23.1 3.14 91.52 31.0 3.27 107.55 25.0 2.45 77.36 27.8
20 6.78 95.31 23.6 5.53 75.27 23.4 5.58 73.95 22.5 7.03 90.94 22.5
30 41.53 355.90 22.5 53.21 406.77 31.1 28.33 186.43 27.0 24.35 116.61 22.4
40 49.92 293.59 22.5 52.42 183.48 31.0 42.38 108.45 29.8 37.53 85.23 29.2
50 50.06 169.59 30.3 44.43 96.90 23.1 41.87 76.58 22.4 40.01 59.73 24.7
60 65.90 168.31 22.5 53.84 95.56 22.4 49.35 60.94 22.6 57.34 49.95 22.5
70 77.72 175.65 24.2 75.92 101.20 22.8 85.61 72.17 22.7 71.53 41.85 22.7
80 91.35 178.04 23.5 101.03 99.01 23.3 103.48 65.19 23.0 79.74 35.72 22.6
90 106.24 162.44 22.4 105.33 81.42 25.4 93.13 48.24 22.4 86.68 33.72 23.4

efficiency being unity. The present measured Ri for each of
the “CC stretch,” “CH2 stretch,” “OH stretch and combina-
tions,” and “2 × CH2 stretch” are summarised in Tables II,
III, IV, and V, respectively. It is immediately apparent from
Eq. (1) that the product Ri × σ 0 then gives the required com-
posite vibrational mode DCS provided the elastic DCS (σ 0) is
known. Those results, for the modes in question, can also be
found in Tables II–V. In this study, we have utilised our IAM-
SCAR elastic differential cross sections at 20, 30, 40, and
50 eV.20 Note that no measured elastic DCSs for electron scat-
tering from THFA, at energies below 50 eV, are currently pub-
lished that we might compare the IAM-SCAR computations20

against and thus possibly validate them. There is, however, a
single elastic DCS measurement from Milosavljević et al.16

at 50 eV, which is in fair accord20 with our theoretical results
at that energy. However, there are recent exemplars for elas-
tic DCS of other species (e.g., Refs. 33–35) where our IAM-
SCAR approach provides a good description of the measured
cross sections down to 20 eV. There are also some cases36, 37

where the comparison between the IAM-SCAR elastic DCS
and the measurements is only good at energies of ∼50 eV and
above. Nonetheless, for the similar species THF, the IAM-
SCAR method is found to be in good accord with available
data,13, 38 at energies of ∼20 eV and above, and we are hope-
ful it will be similarly valid here.

The present vibrational excitation DCSs for the CC
stretch, CH2 stretch, OH stretch and combinations, and 2 ×
CH2 stretch modes are respectively given in Tables II, III, IV,
and V. Error estimates on those data are also given in each
of these tables. Particular attention to the identification and
quantification of all possible sources of error has been made
throughout this study. In this case the statistical errors asso-
ciated with the scattering intensity measurements are usually
small (≤2%). An additional error due to our analyser trans-
mission calibration (∼20%) must also be considered. While
the inherent error in our IAM-SCAR elastic DCS computa-
tions, used in our normalisation, is negligible we have found
from past experience33–35, 38 that it can often reproduce the ex-
perimental data to 10% or better. Hence, a 10% uncertainty on
our elastic DCS has been incorporated into our analysis. An-
other important source of possible error is that associated with
the numerical deconvolution of the energy loss spectra, so an
allowance for this is also made in the overall DCS uncertain-
ties. When all these factors are combined in quadrature, the
errors on our DCS (see Tables II–V) are usually found to be
in the range 22%–147%, with the largest errors only being for
the 2 × CH2 stretch mode for which the statistics were poorer
due to its much smaller excitation probability (see Fig. 2).
Our excitation DCSs, for each of the modes, are also plotted
in Fig. 3.

TABLE III. Present experimental vibrational-to-elastic ratios (×10−3), differential cross sections (×10−23 m2/sr), and related uncertainty (%) for electron-
impact vibrational excitation of the CH2 stretch in THFA (energy loss range 0.27–0.43 eV).

20 eV 30 eV 40 eV 50 eV
θ

(deg) Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty

10 1.05 70.70 23.8
15 1.12 37.54 25.1 0.39 11.35 30.5 0.60 19.70 28.0 0.58 18.47 27.4
20 1.29 18.17 23.9 1.17 15.88 30.3 1.48 19.55 24.3 1.51 19.54 24.4
30 8.26 70.81 23.9 6.94 53.03 39.5 4.40 28.96 25.0 4.06 19.45 25.1
40 8.02 47.14 22.7 6.90 24.16 23.3 7.58 19.41 41.6 6.08 13.80 23.7
50 11.04 37.39 22.5 6.36 13.87 22.8 6.25 11.42 23.5 7.19 10.74 24.9
60 14.77 37.71 22.5 6.62 11.76 23.1 7.87 9.71 23.1 10.18 8.87 24.8
70 15.41 34.82 22.7 8.75 11.67 22.5 9.87 8.32 22.8 13.47 7.88 22.9
80 19.20 37.42 23.6 10.47 10.26 23.5 13.92 8.77 22.6 17.02 7.62 23.1
90 22.04 33.70 23.3 13.15 10.16 25.8 15.24 7.90 23.4 18.82 7.32 22.6
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TABLE IV. Present experimental vibrational-to-elastic ratios (×10−3), differential cross sections (×10−23 m2/sr), and related uncertainty (%) for electron-
impact vibrational excitation of the OH stretch and combination modes in THFA (energy loss range 0.43–0.6 eV).

20 eV 30 eV 40 eV 50 eV
θ

(deg) Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty

10 0.23 15.49 40.1
15 0.43 14.39 34.9 0.23 6.64 34.9 0.14 4.65 64.4 0.15 4.67 66.4
20 0.34 4.85 35.3 0.26 3.58 44.3 0.20 2.58 75.5 0.28 3.61 69.2
30 1.77 15.13 24.9 1.37 10.46 30.1 0.51 3.33 65.7 0.74 3.54 55.0
40 1.39 8.17 25.9 1.05 3.68 30.5 1.10 2.83 37.6 1.07 2.44 51.7
50 1.87 6.32 23.1 0.75 1.65 33.8 0.73 1.33 49.6 1.05 1.56 55.4
60 2.06 5.27 32.4 0.82 1.46 38.8 0.97 1.20 54.9 1.93 1.68 37.7
70 2.55 5.77 29.1 1.28 1.71 32.5 1.35 1.14 38.3 1.93 1.13 30.3
80 3.06 5.96 25.6 1.81 1.78 33.7 1.87 1.18 33.2 2.41 1.08 33.9
90 3.80 5.81 27.4 1.91 1.48 31.2 2.65 1.37 36.8 2.88 1.12 30.7

The DCS for a given scattering process, i, is related to the
ICS, Qi, through the standard formula:

Qi(E0) = 2π

∫ π

0
σi(E0, θ ) sin θdθ. (2)

In order to convert experimental DCS data, measured at dis-
crete angles that span a finite angular range determined by
the physical constraints of the apparatus, to an ICS, one must
first extrapolate/interpolate the measured data so that it cov-
ers the full angular range from 0◦ to 180◦. Our approach to
accomplish this, built around a generalised oscillator strength
formalism39 for optically allowed states (we are dealing with
a lot of infrared active modes here), has been discussed in
great detail previously40 and so we do not repeat that detail
here. Rather, in Fig. 3(c) for the CC stretch mode, we in-
dicate a representative result (shaded area) from our proce-
dure. Note that while the 90◦–180◦ extrapolation region is not
specifically plotted, it contains no oscillating (unphysical) an-
gular structure with a rather bland monotonic form in fact be-
ing found. Further note that this is also true for all our ICS
analyses at each E0 and for each vibrational excitation mode.
The present ICSs, and the uncertainty on those data, are sum-
marised in Table VI and plotted in Fig. 4. Note that the er-
rors on our ICS, as well as incorporating those from the DCS
(with allowance for the sin θ weighting factor in Eq. (2)), also

include an uncertainty in determining the extrapolation of our
DCS to 0◦ and 180◦. When these factors are accounted for,
the ICS errors are found to be in the range 43%–99%with the
precise error depending on the energy and vibrational mode
in question.

III. RESULTS AND DISCUSSION

In Tables II–V and Fig. 3 we present the differential
cross section results, for electron impact excitation of the
CC stretch, CH2 stretch, OH stretch plus combination, and
2 × CH2 stretch modes in THFA, from our experimental
investigations. In Fig. 3(a) we also plot corresponding vi-
brational excitation results on THF from Khakoo et al.27 In
addition, our derived integral cross section results are given
in Table VI and plotted in Fig. 4, where they are again com-
pared to the relevant THF results.27 Note that in Table VI we
also list the summed integral cross section values for all the
modes identified in the 0.09–0.8 eV energy loss range, with
that data being plotted and compared to the THF ICS sum in
Fig. 5. All the errors listed in Tables II–VI and plotted in Figs.
3–5 are at the one standard deviation level.

Let us consider Fig. 3 in more detail. Here, we ob-
serve that for each energy and for each composite excitation
mode, the angular distributions display no forward peaking

TABLE V. Present experimental vibrational-to-elastic ratios (×10−3), differential cross sections (×10−23 m2/sr), and related uncertainty (%) for electron-
impact vibrational excitation of the 2 × CH2 stretch in THFA (energy loss range 0.6–0.8 eV).

20 eV 30 eV 40 eV 50 eV
θ

(deg) Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty Ratio DCS Uncertainty

10 0.10 6.71 62.0
15 0.14 4.53 88.6 0.10 2.87 66.8 0.06 2.04 138.3 0.06 2.02 146.1
20 0.21 3.01 47.8 0.13 1.74 75.1 0.11 1.52 122.6 0.14 1.86 114.1
30 1.06 9.09 27.1 0.44 3.34 59.9 0.27 1.79 115.3 0.16 0.75 253.2
40 0.99 5.85 28.1 0.32 1.10 67.2 0.34 0.87 89.3 0.36 0.82 136.4
50 1.27 4.29 24.3 0.49 1.07 47.3 0.30 0.55 110.7 0.35 0.53 147.0
60 1.67 4.27 33.2 0.54 0.95 52.7 0.28 0.34 160.2 0.82 0.71 86.4
70 1.90 4.29 31.4 0.80 1.07 43.1 0.59 0.50 75.1 0.56 0.33 75.9
80 2.11 4.11 29.2 1.04 1.02 41.2 0.63 0.40 59.8 0.85 0.38 75.8
90 2.17 3.32 30.2 1.06 0.82 40.7 0.77 0.40 74.6 1.01 0.39 63.6
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FIG. 3. Differential cross sections (×10−20 m2/sr) for vibrational excitation
of THFA at various incident electron energies: (a) 20 eV, (b) 30 eV, (c) 40
eV, and (d) 50 eV. Shown are the DCSs for the four vibrational features: (�)
predominantly CC stretch (energy loss range 0.09–0.27 eV), (•) CH2 stretch
(0.27–0.43 eV), (�) OH stretch plus combination band (0.43–0.6 eV); (�) 2
× CH2 stretch (0.6–0.8 eV). Also plotted in (a) are the DCSs for vibrational
excitation of THF by Khakoo et al.27 for various excitation energy ranges:
(�) 0.084–0.261 eV, predominantly CC stretch; (◦) 0.262–0.444 eV, mostly
CH2 stretch; (�) 0.445–0.616 eV, combination modes; (�) 0.617–0.796 eV,
2 × CH2 stretch. Also shown in (c) is an example of the extrapolation and
interpolation of the DCS for the CC stretch mode, that was used to determine
the ICS (see text for further details).

in the magnitude of their cross sections. Indeed, while there
is a suggestion of some small “structure” associated with
those angular distributions, to within the errors on the DCSs
their shapes are almost quasi-isotropic over the angular range
considered. We had not anticipated this result, given that in
our electronic-state excitation studies all the THFA measured
DCSs were very strongly peaked in magnitude at forward
scattering angles.20, 41 Note that this behaviour in the excita-
tion cross sections of the electronic-states in THFA was at-
tributed to the strong dipole scattering effect on the collision
dynamics. Therefore, should we conclude here that the ab-
sence of this forward peaking in the vibrational excitation
angular distributions is indicative for the permanent dipole
moment and/or dipole polarisability of THFA not being im-
portant, for some reason, in the excitation of its vibrational
modes? Before considering that question, let us note that the
behaviour observed in Fig. 3 for THFA is certainly not unique.
Khakoo et al.,27 for electron energies in the range 3–20 eV,
found a very similar effect in THF (a polar cyclic ether like

FIG. 4. Integral cross sections (×10−20 m2) for vibrational excitation of
THFA (•) as a function of the incident electron energy for various vibrational
modes: (a) mostly CC stretch (energy loss range 0.09–0.27 eV), (b) CH2
stretch (0.27–0.43 eV), (c) OH stretch plus combination bands (0.43–0.6 eV),
(d) 2 × CH2 stretch (0.6–0.8 eV). Also plotted are the ICSs for vibrational ex-
citation of THF (�) by Khakoo et al.27 for similar excitation energy ranges:
(a) 0.084–0.261 eV, predominantly CC stretch; (b) 0.262–0.444 eV, mostly
CH2 stretch; (c) 0.445–0.616 eV, combination modes; (d) 0.617–0.796 eV,
2 × CH2 stretch.

THFA). Similarly, from that same group, in an earlier study
of vibrational excitation in furan, Hargreaves et al.42 again
observed quasi-isotropic angular distributions. If we now fo-
cus on Fig. 3(a), our results at 20 eV, then we can compare the
present THFA results to those for THF from Khakoo et al.27

While for each mode the shapes of the THFA and THF dif-
ferential cross sections are quite similar, the present THFA
DCSs are systematically larger in absolute value compared
to those of THF. As the permanent dipole moment of THF
is ∼1.63 D,43 very similar to that for THFA given earlier,
it is probably reasonable to suppose that any effect it might
have on the vibrational excitation process could be similar in
both species. On the other hand the dipole polarisability of
THF is only ∼47.08 a.u.,44 which is rather smaller than that
of THFA. Therefore one possibility to explain the observed
mismatch in absolute value, for the corresponding compos-
ite vibrational modes, between THFA and THF, might be the
stronger dipole polarisability of THFA vis-à-vis THF. Note
that if we accept this hypothesis, then the answer to the ques-
tion we posed above is that at least the dipole polarisability,
which represents the response of the molecular charge cloud
to the incident projectile electron, might be having an effect

TABLE VI. Present experimental integral cross sections (×10−22 m2) and related uncertainty (%) for electron-
impact excitation of the vibrational features in THFA.

20 eV 30 eV 40 eV 50 eV

Feature ICS Uncertainty ICS Uncertainty ICS Uncertainty ICS Uncertainty

CC stretch 291.45 46.2 164.60 45.7 101.75 43.2 71.87 42.9
CH2 stretch 59.12 46.6 20.76 46.3 16.31 44.9 14.51 44.2
OH stretch + combination 10.37 49.1 3.39 47.5 2.56 59.8 2.38 56.3
2 × CH2 stretch 6.31 50.2 1.68 61.9 0.88 92.0 0.84 98.8
Sum 367.25 37.5 190.43 39.8 121.5 36.7 89.6 35.2
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FIG. 5. Integral cross sections (×10−20 m2) for the summed vibrational ex-
citations of THFA (•), in the energy loss range 0.09–0.8 eV, as a function
of the incident electron energy. Also plotted are the ICSs for the summed
vibrational excitations of THF (�) by Khakoo et al.27

on the vibrational excitation collision dynamics. However an-
other plausible explanation for this difference in the THFA
versus THF mismatch in absolute magnitude, might relate to
a difference in their respective density of states in the rele-
vant energy loss regions. Specifically, while THF has 33 vi-
brational modes THFA has 45 with some of those extra modes
of THFA greatly enhancing its IR activity particularly in the
CC-stretch region. Hence it is possible that it is these addi-
tional vibrations in THFA that are causing its cross sections
to be somewhat larger in magnitude than those for THF.

Perhaps this same latter point is made more apparent by
considering Figs. 4 and 5, the integral cross sections for ex-
citation of the THFA and THF27 composite modes and their
sums, respectively. In this case we can plot all the Khakoo
et al. ICS data from 2 − 20 eV, and compare that to the present
20 − 50 eV ICS. The trend in this comparison, from Fig. 4,
is that our THFA ICSs are uniformly stronger in magnitude
compared to those of THF for each mode. Note that while the
errors we have cited on our ICS might be on the conservative
side, we suspect the errors cited by Khakoo et al. are some-
what optimistic. Nonetheless, this point does not affect our
above observation. While no real energy-dependent structure
is apparent in any of our vibrational ICS in Fig. 4, this is not
surprising as the TCS data for THFA15 only shows the exis-
tence of important shape resonance effects at somewhat lower
energies. On the other hand, for THF, the well-known shape
resonance45 is observed in most of their27 composite vibra-
tional mode cross sections. If we consider the magnitudes of
the Khakoo et al. data,27 near the peaks in the resonance en-
hanced cross sections (see Fig. 4) and use proposed values for
the elastic ICS of THF, in this same energy region, that are
available in the literature,5, 13 then it is clear that at resonance
the vibrational modes of THF are making a quite significant
contribution to the THF total cross section. Given the many
similar physico-chemical features between THFA and THF,
such an effect in resonant vibrational excitation of THF might
also be seen in THFA near its shape resonances.15 We believe
this certainly warrants further investigation. A similar story
to that just described in Fig. 4, is also found in Fig. 5 for the

summed ICS. Nonetheless, it is perhaps instructive to com-
pare the value of our THFA 20 eV summed ICS divided by
that for THF at 20 eV to the ratio of the dipole polarisabilities
of THFA and THF. On doing so we find a cross section ratio
of 2.15 ± 0.86, while the ratio of the dipole polarisabilities is
1.49. Thus the two ratios are consistent to within the uncer-
tainty. While we cannot rule out that the level of agreement
between these ratios is something of a coincidence, it may
also provide some further evidence in support of the notion
that the dipole polarisability is playing a role in the electron
impact vibrational excitation of THF.

IV. CONCLUSIONS

We have reported on differential and integral cross sec-
tion measurements for excitation of a number of composite
vibrational modes in α-tetrahydrofurfuryl alcohol, in the en-
ergy range 20–50 eV. To the best of our knowledge, no other
theoretical or experimental data are currently available in the
literature to compare against the present results. While the
angular distributions of our vibrational DCSs were largely
quasi-isotropic, an argument for why the dipole polarisability
of THFA might still be influencing the vibrational excitation
process was advanced. However, as we also noted, the ob-
served THFA versus THF cross section behaviour might also
be understood on the basis of a density of states argument. A
clear need for theoretical calculations to help elucidate the im-
portant factors driving the collision dynamics of this scatter-
ing system is apparent, although we do not underestimate the
difficulties of such computations. Finally, an extension of the
present measurements, although probably employing excita-
tion functions (DCS versus energy at a given θ ) rather than our
approach here, to the energy region where shape resonances in
the THFA total cross section15 are known, we believe would
be interesting and beneficial.
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