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Identifying Organic Impurities
In Counterfeit and lllicit Tobacco
Using Portable ATR-FT-IR

Spectroscopy

Counterfeit and illicit tobacco may contain potentially toxic organic impuri-
ties that result in adverse health effects to the consumer. The aim of this
work was to investigate the feasibility of the identification of organic impu-
rities in counterfeit or illicit tobacco using attenuated total reflectance-
Fourier transform infrared (ATR-FT-IR) spectroscopy.

Sulaf Assi, Phil Moorey, Paul Kneller, and David Osselton

ounterfeit tobacco is a public

health threat that can have haz-

ardous consequences on the con-
sumer. In the UK, counterfeit cigarettes
have a high prevalence of 15% and cost
the taxpayers about £2 billion per year
(1,2). Smoking in general remains one
of the leading causes of preventable
deaths. Tobacco smoking results in
toxic consequences because of the pres-
ence of carcinogenic compounds such
as nitrosamines and polycyclic aromatic
hypdrocarbons (3,4). Moreover, it is ex-
pected that morbidity and mortality be-
cause of smoking tobacco will rise to 8
million per year in 2030 (5).

It is noteworthy to distinguish be-
tween counterfeit and illicit tobacco
products. Illicit tobacco products
represent tobacco products that are
imported from non-European Union
(EU) sources. These products may be

authentic, but are smuggled into the
country, and thus affect the legitimate
trade and revenue of tobacco signifi-
cantly. On the other hand, counterfeit
tobacco products are not regulated and
may contain all sorts of hazardous in-
gredients. In most cases, the manufac-
turing source of counterfeit tobacco is
unknown. However, it was reported that
the main sources of counterfeit tobacco
in the UK were manufactured in the
Far East (5). Counterfeit tobacco could
contain potentially toxic impurities of
elemental and organic nature. Elemen-
tal impurities reported in counterfeit
tobacco include cadmium, lead, and
thalium (6-8). Both cadmium and lead
were reported as carcinogenic (9). More-
over, cadmium has shown to affect the
cardiovascular and respiratory systems
(3). On the other hand, organic impu-
rities reported in counterfeit tobacco
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Figure 1: ATR-FT-IR spectra of (@) ammonium hydroxide, (b) formic acid, (c) glucose,
(d) resorcinol, () rutin, (f) sucrose, and (g) nicotine measured using a portable FT-IR instrument.

comprised the following compounds
(10,11): ammonium salts, caffeine, chlo-
rogenic acid, formic acid, glucose, iso-
propanol, methanol, propylene glycol,
quinic acid, and sucrose. Also, coun-
terfeit tobacco products were found to
contain higher amounts of nicotine than
authentic alternatives (10).
Subsequently, it is important to iden-
tify the organic and elemental toxic
constituents in counterfeit tobacco.
The literature focuses mainly on iden-
tifying elemental constituents in coun-
terfeit tobacco, and few studies inves-
tigate the organic components. In this
respect, elemental techniques used for
the identification of counterfeit tobacco
include inductively coupled plasma-op-

tical emission spectrometry (ICP-OES)
(6,12,13), and energy dispersive polar-
ized X-ray fluorescence (EDPXRF)
spectroscopy (8).

Most of the organic techniques used
for the identification of counterfeit to-
bacco were destructive and included
gas chromatography-flame ionization
detection (GC-FID) for the determina-
tion of nicotine (6), light-emitting diode
(LED)-induced fluorescence spectros-
copy (14), liquid chromatography (LC)
(15), and nuclear magnetic resonance
(NMR) (10,16). However, these meth-
ods require time, money, and extensive
sample preparation. Subsequently, non-
destructive identification of counterfeit
cigarettes was also done using near-
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Figure 2: ATR-FT-IR spectra of authentic (blue) and counterfeit (red) tobacco products
measured using an FT-IR portable instrument.
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Figure 3: Correlation map of the MSC-D1 FT-IR spectra of pure substances: (1) ammonium
hydroxide, (2) formic acid, (3) glucose, (4) resorcinol, (5) rutin, (6) sucrose, (7) nicotine,
(8-22) authentic tobacco, (23-26) illicit tobacco, and (27-31) counterfeit tobacco measured
using a portable FT-IR instrument equipped with an ATR sample interface.
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Figure 4: PCA scores plot of the MSC-D1 treated FT-IR spectra of authentic (blue), illicit
(magenta), and counterfeit (red) tobacco products measured using a portable FT-IR
instrument equipped with an ATR sample interface.

infrared spectroscopy (NIR) (17-19).
NIR spectroscopy is rapid and easy to

apply, however it requires enough sam-
ple from each tobacco product. On the

other hand, attenuated total reflectance-
Fourier transform infrared (ATR-FT-IR)

spectroscopy offers the advantage of
measuring a small amount of sample

(such as a few milligrams) in minimum

time. Therefore, the aim of this work
was to investigate the potential of ATR-
FT-IR spectroscopy for the identification

of potential toxic impurities in illicit and
counterfeit tobacco products.

Experimental

Material

Reference substances for nicotine, rutin,
and impurities commonly present in
counterfeit tobacco were purchased
from Sigma Aldrich. The impurities in-

cluded ammonium hydroxide, formic
acid, glucose, resorcinol, and sucrose.
Moreover, 15 authentic, five illicit, and
five counterfeit tobacco products were
obtained from off-licence shops and the
Food Standard Agency (FSA), respec-
tively (Table I).

Instrumentation

Pure substances and products were
measured using the Bruker MobileIR
portable spectrometer equipped with
a single-reflection pure diamond at-
tenuated total reflectance (ATR) crystal
sample interface. The spectral range of
the instrument was 500-6000 cm™ and
the optical resolution was 1 cm™.

Methods
Pure substances were measured as re-
ceived without any treatment. For to-
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bacco products, the content of each cig-
arette was homogenized and carefully
transferred into Waters 4-mL glass vials

and weighed using a Mettler Toledo bal-
ance with a sensitivity of 0.01 mg and

weight maximum of 120 g. Then, each

vial was mixed using a vortex mixer for
2 min and a few milligrams were taken

for spectral measurement.

The spectra were then matched
against the FT-IR instrument’s spectra
library using the instrument’s hit qual-
ity index (HQI) algorithm. An HQI
value of 95% was considered a positive
match. Moreover, spectra were exported
into Matlab R2014a for off-line analysis.
Spectral pretreatment was made using
the multiplicative scatter correction
first derivative (MSC-D1) method. In
addition, spectral treatment was made
using correlation in wavelength space
(CWS) and principal component analy-
sis (PCA) methods. For CWS methods,
the threshold used for correlation coef-
ficient (r) value was 0.95.

Results and Discussion

The ATR-FT-IR technique offered a por-
table, easy-to-use, and rapid technique
for the measurement of raw materials
and tobacco products. Apart from ho-
mogenizing the tobacco leaves, no ex-
tensive sample treatment was required.
Moreover, ATR-FT-IR did not require
a large amount of sample for measure-
ment. Thus, ATR-FT-IR offered an ad-
vantage over previous techniques used
for identifying counterfeit tobacco in-
cluding GC-FID, LC, NIR, and NMR
spectroscopy.

The raw materials (Figure 1) dem-
onstrated were chosen on the basis of
impurities commonly present in coun-
terfeit tobacco products (10,11). These
substances could cause potential haz-

ards to the consumer. Nicotine and
rutin were present in both authentic and
counterfeit tobacco products; however,
their concentrations may vary among
counterfeit products (10).

A total of 15 authentic tobacco prod-
ucts from 11 brands were purchased
from UK retailers. These included
Benson & Hedges (Gold and Silver),
JSP Silver, Marlboro (Red, Gold, and
White Menthol), Mayfair, Richmond,
Rothmans, Silk Cut (Purple), Golden
Virginia, Winston Red, Lambert &
Butler, and Superking (Black and Blue).
In this respect, the diversity of brands
was selected to account for variability
among individual authentic brands and
increase the accuracy of distinguishing
them from counterfeit brands. The label
claim of the authentic brands included
carbon monoxide (5-10% m/m), nico-
tine (0.5-1.3% m/m), and tar (5-15%
m/m), respectively (Table I).

Whereas the sources of the authentic
products were from the UK, the illicit
and counterfeit products were obtained
from different countries, including Gulf
Cooperation Council (GCC) countries,
Greece, Poland, Ukraine, and the UK.
Four illicit products were used and in-
cluded three brands: Karelia Slims (one
product), Marlboro Red (two prod-
ucts), and Marlboro Gold (one product).
Moreover, five counterfeit products were
obtained through the food standard
agencies and included three brands:
Golden Virginia (two products), Lam-
bert & Butler (one product), and Superk-
ings (one product).

FT-IR Activity of Authentic,

lllicit, and Counterfeit Tobacco
The FT-IR activity of authentic, illicit,
and counterfeit products was evaluated
by comparing the number of peaks, ab-
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Table I: Tobacco products analyzed in this study

A1 z‘;’l‘;"” &Hedges | 49 | 09 | 10 | 879 |1138| 0102 | 1138
A2 E:\:‘;f" &Hedges| o | g | 07 | o | 8578 |0933| 0.082 |1.049
A3 JSP Silver UK | 7 06 | 8 | 8101 |0.864| 0.074 |0.988
4 Marlboro UK | 10 | 08 | 10 | 905 |1.105]| 0.088 | 1.105
A5 Marlboro Gold UK | 6 0.5 7 | 8372 |0717| 006 |0.836
Original
A6 Marlboro White |, | ¢ | o5 | 7 | 8425 |0712| 0.059 |0.831
Menthol
A7 Mayfair King Size] UK | 10 | 09 | 10 | 881 |1135| 0102 | 1.135
A8 ,;'.‘i'Z‘:m”d King | uk | 10 | 09 | 10 | 8417 | 1188 0107 | 1188
A9 Ei‘;zhmans King |k | 10 | 09 | 10 | 8844 | 1131| 0102 | 1.131
10 Silk Cut Purple UK | s 05 | 5 | 9255 | 0.54 | 0.054 | 0.54
Al Golden Virginia | | 45 | 43 | N | 750 2 | 0173 | NA
Rolling Tobacco
12 Winston Red UK | 10 | 08 | 10 | 8279 |1.208| 0.097 |1.208
A13 Lambert &Butler| | 1o | 09 | 10 | 836 |1.196 | 0108 | 1.196
Original
14 Superkings Black | UK 10 0.9 10 913.1 | 1.095| 0.099 | 1.095
IA15 Superkings Blue UK 8 0.8 8 961.2 |0.832| 0.083 |0.832
11 Karelia Slims Greece | NA - - 849.8 NA NA NA
2 Marlboro GCC | 8 | 06 912 |0.877 | 0.066 |0.877
13 Marlboro Ukraine| NA 0.7 966.3 NA 0.072 | 0.931
14 Marlooro Gold |, 4| 7 0.5 9 | 8029 |0.872| 0.062 | 1.121
Original
c1 Golden Virginia | ;| 45 | 43 | Na | 750 2 | 0473 | NA
Rolling Tobacco
Q2 Golden Virginia | ¢ ooca | 15 | 13 | NA | 750 | 2 | 0473 | NA
Rolling Tobacco
3 Lambert & Butler| UK 10 0.9 10
c4 Superkings UK 10 0.9 10 891.6 | 1.122 | 0.101 | 1.122
5 Superkings Greece | 10 0.9 10 7749 | 1.29 | 0.116 | 1.29
NA= not available

sorption range, maximum peak inten-
sity, and signal-to-noise ratio (S/N).

In this respect, there was not much
variation observed in the spectral qual-
ity of authentic and illicit products.
However, a marked difference was ob-

served between the spectra of authen-
tic and counterfeit products (Figure
2). Thus, the number of peaks for both
authentic and illicit tobacco products’
spectra was 12, whereas counterfeit
tobacco had seven peaks. Moreover,
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Ammonium hydroxide Ammonium hydroxide 95.4
Formic acid Formic acid 79.5
Glucose Glucose 98.5
Resorcinol Resorcinol 95
Rutin Rutin 98.6
Sucrose Sucrose 95.9
Nicotine Nicotine 99
Cachou 94.2
A4 Henna red 94.2
A2 Cachou 94.1
A3 Henna red 86.8
Cachou 94.2
A4 Henna red 94.2
Cachou 93.8
A3 Henna 90.9
Cachou 88.9
A6 Henna 92.2
Cachou 93.8
— Henna 90.9
Cachou 93.4
A8 Henna 78.4
Cachou 93.4
= Henna 84.6
Cachou 92.7
A10 Henna 84.9
Cachou 57.4
Al Henna 92.9
Cachou 91.2
Al2 Henna 90.6
A13 Henna 74.7
Cachou 89.7
A4 Henna 93.7
Cachou 93.1
A15 Henna 93.5
11 Henna 91
12 Cachou 72
Henna 94.2
3 Cachou 91.6
Henna 71.3
14 Cachou 92.3
Henna 88.4
C1 No matches none
Cachou 74.5
= Henna 69
Cachou 87.5
a Henna 73.3
c4 Cachou 75.2
c5 Cachou 74.8

*HQI = hit quality index
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authentic and illicit tobacco products’
spectra showed higher absorption in-
tensities than those of counterfeit to-
bacco products. Hence, the maximum

absorption intensities of authentic and

illicit tobacco products’ spectra were 0.5

and 0.35 absorbance units, respectively.
On the other hand, counterfeit tobacco

products’ spectra showed maximum

absorbance intensities around 0.2 absor-
bance units. Conversely, the counterfeit

tobacco products’ spectra showed higher
S/N values than the authentic and illicit

products’ spectra. Thus, the S/N values

were in the range of 1.97-10.8, 1.8-6.1,
and 1.89-20.9 for authentic, illicit, and

counterfeit tobacco products, respec-
tively. However, taking into account

the remaining criteria (the number of
peaks, absorption range, and maximum

peak intensity) showed that the spectral

quality of authentic and illicit products

were much better than the counterfeit

products. This, in turn, could interfere

with the accuracy of the identification of
tobacco products.

Instrumental Built-In Algorithm
The instrument built-in algorithm used
the HQI method, which is based on
comparing the correlation coefficient
between the test spectrum and the li-
brary spectrum of a pure substance. The
test spectrum could give matches to one
or more substances. In this respect, an
HQI value of 100% meant that the test
substance was identical to the library
substance. Furthermore, HQI values
of 95-100%, 80-95%, 60-80%, and less
than 60% indicated high similarity, sim-
ilarity, slight similarity, and dissimilarity,
respectively.

To evaluate the accuracy of the inbuilt
algorithm, the seven pure substances of
known identity were compared against

the library (Table II). Six of the pure sub-
stances (ammonium hydroxide, glucose,
nicotine, resorcinol, rutin, and sucrose)
gave high similarity to their own library
spectra. The remaining substance (for-
mic acid) yielded a slightly similar
match to its library spectrum (HQI =
79.5). This result showed that ATR-FT-
IR could identify the pure substances
within an accuracy of 86%.

However, when the tobacco prod-
ucts were compared against the li-
brary, they did not match any of the
constituents of authentic tobacco, in-
cluding nicotine and rutin. This could
be because the latter two constituents
were present in a low level in tobacco
and were therefore not detectable
using FT-IR. Most authentic samples
gave matches for two substances (ca-
chou and henna red), but with vari-
able HQI vlaues. The mean match for
authentic tobacco against cachou and
henna red were 78.1% (0-95.7%) and
83.1% (0-94.4%), respectively. This
result was because of the common
ingredients present in cachou and to-
bacco products (20). The individual
matches between the individual au-
thentic products against cachou and
henna red were variable. Thus, some
products matched both cachou and
henna red, whereas others matched
only one. For instance, A4 (Marlboro
Red) gave the highest match against
both cachou (HQI = 94.2) and henna
red (HQI = 94.2). Also, A2 (Benson &
Hedges Silver) matched only cachou
and had an HQI value of 94.1%. On
the other hand, A3 (JSP Silver) and
A13 (Lambert & Butler Original)
matched only henna red and had HQI
values of 86.8% and 74.7%, respec-
tively. In addition, the illicit products
gave lower HQI values than the au-
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thentic products against both cachou
and henna red. The mean HQI values
of the illicit products against cachou
and henna red were 69.5% (0-94.2%)
and 80.7% (71.3-91%), respectively.
However, the counterfeit products
gave much lower HQI values than
the authentic and illicit products. For
instance, C1 (Golden Virginia Roll-
ing Tobacco) did not give any match
to library spectra. Also, C4 (Superk-
ings) and C5 (Superkings) matched
only cachou with HQI values of 75.2%
and 74.8%, respectively. In addition,
C2 (Golden Virginia Rolling Tobacco)
and C3 (Lambert & Butler) matched
both cachou and henna red, but with
HQI values below 90%. Overall, the
mean HQI values for counterfeit
against cachou and henna red were
62.4% (0-87.5%) and 28.5% (0-73.3%),
respectively. This approach allowed
differentiation of the samples from
authentic products; however, it did
not allow identifying potential impu-
rities that could be present in coun-
terfeit products.

Therefore, off-line analysis was used
by comparing the spectra of tobacco
products with potential impurities
present in counterfeit tobacco as well as
major constituents of authentic tobacco.
These constituents were ammonium hy-
droxide, formic acid, glucose, resorcinol,
rutin, sucrose, and nicotine.

Correlation in Wavelength Space

In this respect, the CWS method com-
pared the mean spectra of each of the
aforementioned impurities and constit-
uents to the spectra of authentic, illicit,
and counterfeit tobacco. Figure 3 shows
the correlation map of pure substances
(1-7), authentic tobacco (8-22), illicit
tobacco (23-26), and counterfeit to-

bacco (27-31). Figure 3a shows a range
of colors for r values as follows: dark
blue (0.4-"0.1), light blue (-0.1-0.2), light
green (0.2-0.5), yellow (0.5-0.6), orange
(0.6-0.8), and red (0.8-1). In addition,
Figure 3b shows r values greater than
0.95 highlighted in red.

The CWS method showed high
accuracy when applied to pure sub-
stances (Figures 3a, 1-7, and 3b, 1-7).
Thus, the maximum r value between
two different pure substances was
0.21. Also, 14 out of the 15 authentic
products (Figures 3a, 8-22, and 3b,
8-22) gave r values above 0.95. Thus,
product A1l (Golden Virginia Rolling
Tobacco) gave r values between 0.90-
0.94 against the remaining authen-
tic batches. This showed that FT-IR
could identify counterfeit tobacco
with an accuracy of 93%. None of the
authentic tobacco gave a high match
for rutin and nicotine. The maximum
r value for authentic products against
rutin was 0.15 (observed for A7) and
that against nicotine was 0.07 (ob-
served for Al). This result indicated
a limitation of the combination CWS
and FT-IR for identifying constituents
present in low concentrations in to-
bacco. Thus, both nicotine and rutin
were present in less than 2% m/m in
tobacco.

The combination of CWS and FT-IR
was able to discriminate illicit and
counterfeit products from authentic
tobacco alternatives (Figures 3a, 23-26,
and 3b, 23-26). Whereas high similarity
was observed among the authentic to-
bacco products, illicit tobacco products
(I1-I4) were not similar and showed a
maximum 7 value of 0.92 (observed for
12 against 13). Moreover, when the illicit
products were compared against the
pure substances and authentic tobacco,
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only three mismatches (r > 0.95) were
observed for I3 (Marlboro Red) against
A8 (Richmond), A10 (Silk Cut), and A13
(Lambert & Butler). Similarly, coun-
terfeit tobacco (Figures 3a, 27-31, and
3b, 27-31) showed only one mismatch
against authentic tobacco (r > 0.95);
and this was observed for C3 (Lambert
& Butler) against A8 (Richmond), A10
(Silk Cut Purple), A13 (Lambert & But-
ler), and I3 (Marlboro). Consequently,
the accuracy of identifying counterfeit
and illicit products using CWS and
FT-IR was 78%.

Principal Component Analysis

PCA was applied to the FT-IR spectra
to investigate the potential of discrim-
ination using FT-IR between authen-
tic, illicit, and counterfeit products.
The first three principal components
accounted for 65.2% of the variance
(Figure 4). The PCA scores of three
tobacco products showed an over-
lap with the scores of counterfeit
tobacco. These corresponded to A8
(Richmond), A10 (Silk Cut Purple),
and A13 (Lambert & Butler), which
showed a mismatch in the CWS
method with C3 (Lambert & Butler).
On the other hand, no mismatches
were observed in the PCA scores of
illicit and authentic tobacco. This
showed that PCA was a slightly more
accurate method than CWS for iden-
tifying illicit and counterfeit tobacco.

Conclusion

Counterfeit tobacco represents a major
public health threat and contributes to
the increased rates of morbidity and
mortality worldwide. ATR-FT-IR spec-
troscopy offered a rapid, simple, and
nondestructive method for analysis
of counterfeit tobacco. Both the built-

in identification and off-line analysis
failed to identify organic constituents
in tobacco products. However, off-line
analysis was able to distinguish between
the authentic, illicit, and counterfeit to-
bacco products with an accuracy of 80%.
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Resonance-Enhanced
Nanoscale IR Spectroscopy
of Ultrathin Films and
Monolayers on Metals

Resonance-enhanced atomic force microscopy (AFM)-infrared (IR) is a
new technique that couples an atomic force microscope with a pulsed
tunable IR laser source to provide high spatial resolution chemical analysis
of samples as thin as a monolayer. The AFM probe tip acts as a small
local detector of the thermal expansion of the sample caused by the
absorption of the monochromatic IR radiation. Examples are presented
of the use of this technique to obtain highly spatially resolved IR spectra
(down to 25 nm) of monolayer levels of material deposited onto gold
substrates, including self-assembled monolayers of a hydroxyl-terminated
hexa(ethylene glycol) undecanethiol, 4-nitrothiophenol, a monolayer
island sample of poly(ethylene glycol) methyl ether thiol, and a 5-nm-
thick film of purple membrane from Halobacterium salinarum.

Curtis Marcott, Feng Lu, Mingzhou Jin, Mikhail A. Belkin,
Honghua Yang, Craig B. Prater, and Kevin Kjoller

provides a powerful capability for

chemically characterizing mate-
rials at spatial resolutions down to
5-10 um. Commercial Fourier trans-
form infrared (FT-IR) spectrometers
equipped with microscopes or other
microsampling accessories have been
an important fixture in most analyti-
cal laboratories since the 1980s. In in-
dustrial and forensic laboratories, for
example, FT-IR microspectroscopy has
proven to be one of the most important
industrial problem-solving techniques

I nfrared (IR) microspectroscopy

for identifying small amounts of un-
known material, including contami-
nants that occasionally arise during
the development of new products or
during the actual production processes.
In today’s world, where nanomaterials
are becoming more prevalent, there is
an ever-increasing need to chemically
characterize smaller and smaller parti-
cles and domains. The diffraction-lim-
ited spatial resolution of conventional
FT-IR microscopes is no longer suffi-
cient to solve many of these important
nanoscale problems.
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Figure 1: Optical diagram of an AFM-IR experiment showing the difference between the
signal responses using a 1-kHz repetition rate OPO laser source and a QCL source with its
repetition rate tuned to a contact resonance frequency mode in the AFM cantilever.

The recent coupling of atomic force
microscopy (AFM) with pulsed tun-
able infrared laser sources has enabled
the collection of IR spectra at spa-
tial resolutions below 100 nm X 100
nm (1,2). The sharp AFM tip acts as
a local detector of IR absorbance at
the surface of a sample it is in con-
tact with. When the wavenumber of
the laser source is in resonance with
a molecular vibrational frequency, the
IR radiation can be absorbed and the
sample expands when the molecules
return to their ground vibrational
state after exchanging energy with the
sample matrix. This causes the sam-
ple to thermally expand over an area
corresponding to the focused IR laser

spot. The AFM cantilever will deflect
because of the local thermal expansion
of the material in proximity to the apex
of the AFM probe, providing signifi-
cantly higher spatial resolution that is
not limited by the diffraction limit of
the IR wavelength. In the initial con-
figuration of this technique, the opti-
cal parametric oscillator (OPO) tun-
able laser source had a repetition rate
of 1 kHz and a pulse length of ~10 ns,
which would cause a rapid expansion
of the sample inducing an impulse in
the cantilever. This would cause the
cantilever oscillation to ring down
at its natural resonance frequencies
after each laser pulse. In this article,
we describe how replacing the OPO
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Figure 2: AFM-IR spectra (blue) of self-assembled monolayers (SAMs) of (@) EG6-OH and (b) NTP,
compared to mid-IR reflection absorption spectra (red) of the corresponding SAMs (adapted from
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Figure 3: AFM topography image (top left), and IR absorption image with the QCL tuned to
the fixed wavenumber of 1340 cm™' (top right) of a monolayer island film of PEG on gold. An
AFM-IR spectrum of one of the PEG islands is shown at the bottom.

tunable laser source with a variable
repetition rate quantum cascade laser
(QCL) produces a signal enhancement
of the AFM-IR signal of two orders of
magnitude. This enhancement is ac-
complished by tuning the QCL repeti-
tion rate to match the contact resonant

frequency mode of the AFM cantilever
(3,4). At the contact resonance, the os-
cillation amplitude of the cantilever is
significantly increased relative to off-
resonance frequencies. An additional
enhancement of the AFM-IR signal
results when a gold-coated AFM tip is
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Figure 4: AFM topography image (top right) and IR absorption image collected with the QCL
source tuned to the fixed wavenumber of 1540 cm™' (bottom right) of a purple membrane film
of Halobacterium salinarium on gold. An AFM-IR spectrum collected at one location on the

film is shown on the left.

used, producing a “lightning rod” ef-
fect that enhances or localizes the elec-
tric field at the tip apex. The combina-
tion of matching the repetition rate of
the laser to the contact resonance of
the AFM cantilever and using a gold-
coated probe allows for the collection
of IR spectra of samples on arbitrary
substrates down to thicknesses of ~10
nm. If the thin film sample is depos-
ited onto a gold substrate, a further
increase in the local enhancement of
the electric field allows measurements
down to less than 1 nm. This enables
the AFM-IR technique to detect mono-
layer coverages of material on metal
surfaces at lateral spatial resolutions
down to 25 nm X 25 nm.

Experimental
Figure 1 shows an optical diagram
of an AFM-IR experiment where

a pulsed tunable IR laser source il-
luminates the surface of a thin film
with monochromatic light at a loca-
tion where an AFM tip is in contact
with the sample. The combination of
a deflection laser and position-sensi-
tive photodiode enable the determi-
nation of the precise vertical position
of the AFM cantilever in real time as
it rings down after receiving a ther-
mal expansion pulse from the sample
induced by absorption of IR laser ra-
diation at a single wavenumber. The
amplitude of the AFM cantilever
ringdown is directly proportional
to the actual amount of IR radiation
absorbed by the molecules at the sur-
face of the sample at that particular
wavenumber. By stepping the wave-
number of the IR source over a user-
selectable range, an IR spectrum can
be generated. Figure 1 also shows the
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difference between the appearance of
the cantilever oscillation signals ob-
tained with a 1-kHz repetition rate
OPO laser source and a QCL source
with its repetition rate tuned to a
cantilever contact resonance.

Self-assembled monolayers (SAMs)
of hydroxyl-terminated hexa(ethylene
glycol) undecanethiol (EG6-OH), 4-ni-
trothiophenol (NTP), and a monolayer
island sample of poly(ethylene glycol)
methyl ether thiol (PEG) were deposited
on template-stripped gold substrates as
described previously (4). A cell mem-
brane of purple membrane of Halobac-
terium salinarum was deposited onto
a gold substrate. Measurements of the
EG6-OH and NTP monolayer films
were made in the Belkin laboratory at
the University of Texas using AFM-IR
instrumentation equipped with a QCL
source with a tuning range of 1375-
1130 cm! (4). The PEG monolayer island
and purple membrane samples were
measured using a nanoIR2 instrument
(Anasys Instruments) equipped with a
broadly tunable (1900-1200 cm™) QCL
source. All spectra were collected using
a data point spacing of 2 cm™, although
the QCL source has an IR laser line-
width of less than 1 cm™.

Results and Discussion

Figure 2 shows AFM-IR spectra and
molecular structures of EG6-OH
and NTP SAMs on gold (in blue) (4).
AFM topography measurements were
used to verify that the EG6-OH and
NTP monolayer film thicknesses were
1.5 nm and less than 1 nm, respectively
(4). Each AFM-IR spectrum originates
from an approximate sample surface
area of 25 nm X 25 nm limited by the
contact area of the AFM probe with
the sample (4). Corresponding IR re-

flection absorption spectra, recorded
over a substantially larger area, of
EG6-OH and NTP SAMs are shown
in red, for comparison (4-6). The
agreement is generally good, although
there appear to be some band shape
differences in the NTP spectra. The
EG6-OH absorption bands centered
at 1345 and 1244 cm™ correspond to
the CH, wagging and twisting modes,
respectively (5). A strong NTP absorp-
tion peak around 1339 cm™! is assigned
to the symmetric NO, stretching mode,
while the much weaker absorption
band around 1175 cm™ is assigned to
an aromatic CH-bending mode.

Figure 3 shows the AFM topography
image (top left) and an IR absorption
image with the QCL tuned to the fixed
wavenumber of 1340 cm! (top right)
of a monolayer island film of PEG on
gold. The AFM topography image
suggests the PEG islands are about
5-nm thick. The IR absorption band at
1340 cm™ is assigned to a CH,-wagging
mode and the image confirms the lo-
cation of the PEG island regions. PEG
monolayer island regions as small as
25 nm X 25 nm are easily resolved in
the IR absorption image. The AFM-IR
spectrum of one of the PEG islands is
shown at the bottom of Figure 3. The
broad IR band centered at 1102 cm™ is
assigned to the C-O-C antisymmetric
stretching mode.

Figure 4 shows the AFM topogra-
phy image (top right) and IR absorp-
tion image collected with the QCL
source tuned to the fixed wavenum-
ber of 1540 cm! (bottom right) of a
PM film of Halobacterium salinarium
on gold. The membrane is composed
of a double layer of polar and neutral
lipids, and the integral membrane pro-
tein bacteriorhodopsin. The secondary
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structure of bacteriorhodopsin consists
of seven transmembrane o-helices and
an extracellular B-sheet (7). The AFM-
IR spectrum shown on the left side of
Figure 4 was collected at one location
on the purple membrane film; the spec-
trum is unsmoothed and took about 2
min to collect. The IR image collected
at 1540 cm’!, where the amide II vibra-
tional mode absorbs strongly, shows
high spatial resolution and uniform
distribution of the protein within the
membrane film regions of the image.

It is interesting to compare the pho-
tothermally detected AFM-IR spectrum
of purple membrane on gold shown
in Figure 4 with a recently published
scattering scanning near-field optical
microscopy (s-SNOM) IR spectrum of
the same type of film cast on a silicon
substrate (8). The peak wavenumber of
the amide I band in the s-SNOM spec-
trum occurs at 1661 cm™ (8), compared
to 1652 cm™! for the AFM-IR spectrum
shown in Figure 4. This discrepancy
likely results because the peak posi-
tion of the strong amide I band in the
s-SNOM IR spectrum is shifted 10 cm™
higher, much like it is in grazing angle
(GI) FT-IR measurements on the same
sample, compared to where it would be
in an IR transmission measurement (8).
The AFM-IR signals reported here exist
only because of the amount of IR radia-
tion actually absorbed by the sample
and do not contain any contribution
from the real part of the refractive index,
like the s-SNOM and GI measurements
do. Thus, photothermal AFM-IR peak
positions and band shapes more closely
resemble IR transmission spectra. The
reason the amide IT IR band is so much
weaker in the s-SNOM experiments
than it is in the AFM-IR spectrum
shown in Figure 4 is less clear, but it may

be that the two techniques have differ-
ent sensitivities to orientation of the

helical chains, or that the actual helical

chain orientation is somewhat different

in the two experiments. Because the po-
larization direction of the exciting laser
radiation is perpendicular to the sample

plane in both experiments, we suspect

the helical chains may be more tilted or
randomly oriented in the region where

the IR spectrum shown in Figure 4 was

collected on the gold substrate (9).

Conclusion

Resonance-enhanced AFM-IR nano-
spectroscopy has been demonstrated on
four different monolayer example films
adsorbed on flat gold substrates. Spatial
resolutions more than two orders of
magnitude smaller than conventional
FT-IR microspectroscopy have been
demonstrated. A sharp AFM tip is used
to photothermally detect the radiation
actually absorbed at the sample surface
as a function of the wavenumber of a
tunable IR laser source. When a quan-
tum cascade laser is used, it provides
a signal enhancement two orders of
magnitude over conventional AFM-IR
nanospectroscopy because its repetition
rate can be matched to specific mechan-
ical resonance frequencies in the AFM
cantilever. An additional two orders of
magnitude improvement in sensitivity
can be achieved by gold-coating the
AFM tip and casting the sample films
on gold substrates. It is the combina-
tion of resonance enhancement using
the QCL source and the “lightning
rod” effect produced by gold-coating
the AFM tip and substrate that enables
the detection of monolayers of material
at spatial resolutions on the order of 25
nm X 25 nm. This powerful new capa-
bility promises to be useful at providing
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chemical characterization of monolayer
films in the materials and life sciences.
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|dentifying Synthetic Designer
Drugs Using FT-IR, Raman,

and GC-IR

Law enforcement relies upon “schedules” or lists of controlled substances.
In an attempt to circumvent the law, clandestine laboratories produce
synthetic designer drugs that are chemically related to a controlled sub-
stance, but are different enough to raise legal issues with prosecution.
Identification of the drugs as evidence requires exact information, includ-
ing isomeric and stereochemical specificity. We show here examples
where infrared (including gas chromatography-infrared spectroscopy)

or Raman spectroscopy paired with reference libraries can provide the
needed specificity with the additional advantage of being fast.

S. Lowry, M. Bradley, and W. Jalenak

report increasing street supplies of
synthetic drugs, including so-called
“bath salts” and cannabinoids. The United
States Drug Enforcement Administra-
tion (DEA) and other law enforcement
agencies recently initiated a major raid
targeting all levels of the global synthetic
designer drug market (1). Small chemi-
cal modifications made to known drugs
result in new drugs that may not be on
federal or state controlled substance lists.
Words in laws such as “analogue” tend to
leave interpretation open to juries. Court
cases may hinge on the exact positional
or stereochemical isomer, which juries are
likely not technically competent to assess.
As laws tighten, convictions remain de-
pendent on incisive forensic analysis.

The Scientific Working Group for the
Analysis of Seized Drugs (SWGDRUG,
www.swgdrug.org) defines infrared and
Raman spectroscopy as two of a limited

I aw enforcement agencies worldwide

number of “Category A” analytical tech-
niques providing the highest potential
discriminating power (2). For seized-drug
identification, it is most desirable to use
a Category A technique combined with
at least one other technique (Category A,
B, or C). To assist forensics laboratories in
the drug identification process, scientists
at the Cayman Chemical Company, the
Tennessee Bureau of Investigation (TBI),
and Thermo Fisher Scientific collaborated
to make high quality libraries of reference
spectra (dispersive Raman, attenuated
total reflection-infrared [ATR-IR], and
vapor-phase IR) from synthetic designer
drugs available. Here, we discuss the im-
portance of Fourier transform infrared
(FT-IR) and Raman spectroscopy; enabled
by these libraries, in identifying designer
drugs in seized materials (3). We also
present how gas chromatography with IR
detection (GC-IR) enables the identifica-
tion of specific isomers of synthetic drugs



August 2014 FT-IR Technology for Today’s Spectroscopists 27

100
80 L‘\/f\.f\

601

| Caytan Mid, Mephedrone hydroc

e

2715.904

401

Transmittance (%)

35001
3000
2500
2000
15001
1000

500

2963.349

2920.674

Raman intensity (cps)
3064.789

CHs
20! *HCl

4000 1 Cayman Raman Mephedrone hydrochloride (A14880)

1187.557
733.998 e

=

-

1006.393| _{3
899.026 — —
e

..__,...—_:

1606.258
974.513967.792

1247.664
832.334

1685.128

1604.868

1685.710

1187.434
636.798

w
o
o
o

2500

2000
Wavenumber (cm™)

1500 1000

Figure 1: Comparison of FT-IR and Raman spectra from mephedrone, a psychoactive
compound commonly known as “meow meow.”

even when present in complex matrices
like plant material.

Experimental

Reference Raman and FT-IR spectra were
acquired using compounds obtained
from Cayman Chemical Company. FT-IR
spectra were acquired at 2 cm! resolution
with adiamond ATR accessory integrated
into a Thermo Scientific Nicolet iS50
FT-IR spectrometer. The Raman spectra
were acquired on a Thermo Scientific
DXR Raman system with 532-nm laser
excitation, a 900-line/mm grating and
a 25-um slit. The Raman and infrared
spectra acquired from a sample of me-
phedrone shown in Figure 1 demonstrate
the complementary nature of these two
techniques, which emphasize different
functional groups in the molecule (4).
In this example, we labeled the peak lo-
cations to allow easy comparison to the

spectra in the SWGDRUG monographs.

GC-IR vapor-phase spectra were
acquired at TBL. Standards of cannabi-
noids, bath salts, and other drugs were
mixed with solvent (typically methanol)
to obtain 1-mg/mL solutions.

A 5-m silica capillary with a 0.30-
mm cross section coated with bonded
poly(1% diphenyl, 99% dimethylsilox-
ane) was used. The temperature program
was as follows: 80 °C for 1 min, then 70

°C/min from 80 °C to 270 °C, and 270 °C

for 20 min. This combination of short
column and fast ramp is used because

the drugs have low volatility, which can

lead to long retention times. Under these

conditions, seized materials often exhibit

incomplete separation (plant extracts

and contaminants being present), neces-
sitating further analysis as noted below.
The resulting reference spectra were

grouped into the TBI gas phase library.

Figure 2 shows GC-IR results
for three compounds that illus-
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Figure 3: Search results for an FT-Raman spectrum (1064-nm laser). The library spectra were

collected with 532-nm excitation (dispersive).

trate spectral differences among
highly similar isomers. This abil-
ity to identify isomers is a major
advantage of both IR and Raman
spectroscopy.

Results and Discussion

The fundamental issue for forensics
laboratories involves making a com-
plete and confident identification of

seized materials. This is most often
done by spectral searching, either
using commercial or locally-made
libraries. Spectral searching in-
volves matching a sample spectrum
to a library spectrum. Typically,
a metric is reported represent-
ing “goodness of agreement” (0-1,
0-100). The value of the metric can
be affected by sampling differences
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Figure 5: Search results for a spectrum acquired in the field on a handheld FT-IR system.

between the library spectra and the
target spectrum. We illustrate both
the specificity (that is, isomer versus
isomer) and robustness (when col-
lection methods differ) for identifi-
cation of synthetic designer drugs.
Because laboratories may exchange
data or use commercial products,
robustness is critical in determining
the usability of results as evidence.

Using the Dispersive Raman
Reference Library with

Fourier Transform Raman Spectra
Dispersive and Fourier transform (FT)
Raman spectroscopy each have strengths
and weaknesses. Here, we consider
whether library spectra collected using
dispersive Raman can be used to match
spectra from an FT-Raman analysis.
Fundamentally, both methods respond
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to the same vibrational events, but there

are subtle differences in data spacing,
resolution, and intensities that could af-
fect the identification.

Searching the FT-Raman spectrum
of an unknown against the dispersive
Raman library achieves the results
shown in Figure 3. The algorithm re-
turns a metric of 96 for harmaline.
Although care must be used in over-
emphasizing metrics, 96 is generally
considered a strong match. This lends
credence to the use of this database with
Raman spectra acquired with different
laser excitation wavelengths.

The substance identified, harmaline,
is a psychoactive indole found naturally
in certain plants. Harmaline has been
identified as an adulterant in herbal
mixtures containing synthetic cannabi-
noids and may contribute to poisoning
when combined with a hallucinogenic
tryptamine. Harmaline is controlled in
Australia, Canada, and France, but it is
uncontrolled in the United States (except
for regulation as a food or drug additive).

Using the ATR Reference
Library with Transmission Spectra
ATR spectroscopy is becoming the
technique of choice for rapid infrared
spectral analysis. With minimal (or no)
sample preparation and rapid data col-
lection, ATR can provide a first screen
when samples enter the laboratory. Even
so, many forensics laboratories still pre-
fer (or are required) to use traditional
transmission techniques based on KBr
pellets or Nujol (mineral oil) mulls (5).
The transmission spectrum at the
top of Figure 4 was acquired from a
Nujol mull of harmaline. The large
Nujol C-H peaks have been removed
(blanked, not subtracted) before the
search. The library spectra, collected
using a diamond ATR accessory, were
processed using an advanced ATR cor-
rection algorithm that normalizes the
intensity and line shape as expected for
transmission spectra (6). The sample
was correctly identified as harmaline
with a metric of 93. Similar results are
obtained in the reverse case, when ATR
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spectra are corrected and compared
with existing transmission-based spec-
tral libraries, which has historically
been the most common basis for li-
braries. This interchangeability permits
laboratories to continue to use historical
(transmission) databases.

Using the ATR Reference

Library with Spectra

from a Handheld Spectrometer

Field operations requiring instant,
confident identification of materials
are becoming more prevalent. Collect-
ing data at the scene provides evidence
as well as safety for investigators ex-
posed to the materials.

Figure 5 shows an infrared spec-
trum acquired with a handheld
instrument (Thermo Scientific
TruDefender) from a white powder
discovered at a clandestine labora-
tory. The results of searching off-line
the external ATR reference library
produced a best match to 3-methyl-
methcathinone (3-MMC) hydrochlo-

ride with a value of 93. The result: A
very good match was obtained for a
spectrum acquired in the field from
a sample of questionable purity under
less than ideal conditions (7,8).

The substance 3-MMC is a psychoac-
tive synthetic cathinone that has been
identified in bath salts. Most countries
have made the material illegal, either
explicitly or as a structural analog to
mephedrone (4-MMC), for which a
more extensive legal history exists.

Using the ATR Reference

Library with Mixture Spectra
Clandestine laboratories rarely main-
tain tight quality controls, resulting
in product that can be mixtures of
two or more active compounds as
well as containing precursors or con-
taminants. Ultimately, prosecution
requires accurate and complete in-
formation about the sample. Infrared
and Raman spectra reflect the mixed
character of the product, but individ-
ual identifications are still required.
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A sample was run via ATR and a
simple (one-component) search against
the ATR reference library was carried
out. This approach resulted in a low
match value — under 70 — with a
number of peaks clearly not accounted
for. Further analysis options exist, with
the best option being advanced statisti-
cal analysis techniques such as multi-
component searching (MCS).

Figure 6 shows the MCS results
(using Thermo Scientific OMNIC
Specta software) for the sample. The
automated selection of two compo-
nents from the ATR library results
in a high similarity of the composite
spectrum to the sample spectrum.
Results similar to this enable FT-IR-
MCS to become a first screen when
materials arrive, being far quicker
than most alternatives.

CB-52 is a relative newcomer as a
synthetic cannabinoid, with many ques-
tions still circulating regarding efticacy.
Shown to provide therapeutic effects in
mice, there are few reports of activity in
humans. AM-1241 is a known potent
and selective agonist for one of the key
cannabinoid receptors in humans.

Using the Vapor-Phase
Library with GC-IR Spectra
Methcathinones often appear labeled
as bath salts or plant food (“not for
human consumption”). Cannabinoids
can be sold as a coating on plant ma-
terial which are labeled as “potpourri.”
In both cases, simple IR or Raman
analysis may be inconclusive as the
drug is swamped by matrix. GC-IR
offers a potent tool for separating and
identifying the drugs (9).

Potpourri samples are soaked in a
tiny excess of solvent like methanol.
After this “washing,” the excess drop is

drawn up into a GC syringe. Powdered

samples are dissolved directly and then

drawn up into the syringe. Unlike the

more sensitive gas chromatography-
mass spectrometry (GC-MS), in GC-IR
the sample remains intact (it is not frag-
mented), so isomeric and stereochemi-
cal information can be observed.

The GC conditions that were cho-
sen force rapid elution, resulting in
overlapped chromatographic peaks,
as shown in the inset to Figure 7. The
largest peak results from multiple
components eluted simultaneously,
so the associated spectrum contains
multiple signals. A multicomponent
search resulted in a clear match to
two cannabinoids. Even overlapped,
the IR data unambiguously determine
the specific isomers eluted.

AM-2201 is a potent cannabinoid ago-
nist, which has reportedly caused panic
attacks and severe nausea and vomiting.
JWH-210 is a strong analgesic which is
also an agonist for the cannabinoid
receptors. Both are listed by multiple
countries as being illegal substances.

Conclusions

The importance of identifying new syn-
thetic compounds being sold as “legal

highs” is increasing as the materials are

being distributed throughout the world.
The results of this evaluation demon-
strate the value of using targeted refer-
ence spectral libraries with FT-IR and

Raman instruments to rapidly screen

and identify designer drugs. Excellent

results were obtained with the reference

libraries even with older instrumenta-
tion and different types of spectrom-
eters. We plan to add new compounds

to the libraries as they become available.

(Continued on page 38)
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Measuring Orientation in

Polymer Films

The mechanical properties of polymer films such as tensile strength and
resistance to tearing depend strongly on the orientation of the polymer
chains. Fourier transform infrared (FT-IR) spectroscopy can be used to
measure the degree of orientation both within the plane of the film and
normal to it. Tilting the film allows dipole changes normal to the plane to
be measured so that three-dimensional orientation can be investigated.
Attenuated total reflectance (ATR) measurements are sensitive to orienta-
tion both in the plane and normal to it, but measure only surface regions.
Transmission spectra of thin films often contain interference fringes (chan-
nel spectra) that need to be minimized. This article illustrates the different
measurements and also considers some of the practical issues.

Richard Spragg

ynthetic polymers are semicrys-

talline and contain regions with

some order in the arrangement
of the polymer chains and disordered
amorphous regions. The orientation of
the polymer chains within thin films is
often anisotropic as a result of the manu-
facturing process. For example, stretch-
ing a film in one direction will tend to
align the polymer chains in that direction.
Polymer chain orientation has a big effect
on mechanical properties such as tensile
strength and tear resistance. In general,
tensile strength is greater in a direction
parallel to the polymer chains than in
directions normal to them and the same
applies to tear resistance.

Orientation in the plane of films pro-
duced by extrusion is defined relative to
the machine direction and the transverse
direction. Orientation can be investigated
in a normal transmission measurement

of the absorbance for radiation polarized
in either direction. However, because the
electric field is in the plane of the film this
approach cannot measure any absorption
with a dipole moment change normal to
the plane. That information can be ob-
tained by transmission at non-normal
incidence or, for surface layers, by attenu-
ated total reflectance (ATR).

Measuring Thin-Film Spectra

Although polymer films can generally be
measured in transmission without any
preparation, the spectra often include
interference fringes that limit the accu-
racy of intensity measurements. Several
methods have been proposed to reduce
the amplitude of these fringes, which are
caused by reflection at the film surfaces.
One is to reduce the refractive index
change by placing the surfaces in contact
with a material with a refractive index
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Figure 4: Geometry of a tilted film measurement.

close to that of the film. Simply clamp-
ing the film between windows may not
achieve good optical contact, so adding a
liquid may be necessary. Figure 1 shows
a polyethylene film measured between
windows with ethanol as a contact liquid.
This contact liquid was chosen because it
does not interact with the polymer and
has no absorption interfering with the
bands of interest near 720 cm. Other
methods such as abrading the surface or
using a polarizer with a tilted film would
not be appropriate in this application.

Crystallinity and Orientation

In the spectra there may be some separate

features for crystalline and amorphous

regions as well as features that are com-
mon to both. The differences result from

differences in chain conformations or
from interactions between the chains in

crystalline regions. Figure 2 shows the

CH, rocking bands in a blown film of
low-density polyethylene. In crystalline

regions, interaction between adjacent
chains splits the band into two relatively
narrow components at 730 and 719 cm™,
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whereas the amorphous regions have a
broad absorption. The spectrum can be
titted well using values for the component
bands taken from the literature (1). It has
been suggested that the amorphous com-
ponent may give rise to two bands, but
this approach did not improve the fit for
this example. Although Fourier trans-
form infrared (FT-IR) spectroscopy can
be used to compare the degree of crys-
tallinity in different films, calibration is
necessary for any quantitative measure-
ments, such as using differential scan-
ning calorimetry.

Using Polarized Radiation

Absorption occurs only for dipole mo-
ment changes that are perpendicular to
the light path. For normal transmission
measurements this means that vibrations
with dipole moment changes in the plane

of the film are seen. A polarizer can be

used to confine the electric field to a sin-
gle direction perpendicular to the direc-
tion of propagation, so we can separately
measure absorptions in the machine and

transverse direction. This approach al-
lows us to use the ratio of the absorbances

in the two directions, the dichroic ratio,
as a measure of the degree of orientation

in the plane of the film.

Figure 3 contrasts a film that is al-
most isotropic (3M card) with a blown
film such as is used in freezer bags. The
3M card has very little amorphous mate-
rial and the overlap with the absorption
of amorphous regions has a negligible
effect on the band intensity ratios which
are close to 1.0. For the blown film po-
larizer, orientation at 0° corresponds to
the electric field in the transverse direc-
tion. The band at 719 cm™ is strongly
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Blown film 2.37

0.246 1.44

3M card 1.03

0.95 —

oriented in this direction, while the 730

cm! band is oriented less strongly in the

machine direction. The uncertainty in

the orientation of the amorphous com-
ponent is much larger than for the bands

from the crystalline regions.

Three-Dimensional Orientation
Measurement in normal transmission
allows for orientation only in the ma-
chine and transverse directions to be
determined because the electric field
is in the plane of the film. Tilting the
film to give non-normal incidence in-
troduces a component of the electric
field normal to the plane and so al-
lows orientation in the normal direc-
tion to be estimated (Figure 4). When
the film is tilted so that light passes
through it at an angle  to the normal
the component of the electric field
normal to the film is proportional to
sinB. The contribution to this spec-
trum from the component of the field
in the plane of the film has to be sub-
tracted. This value is obtained from
measurement at normal incidence.

If the absorbance for normal trans-
mission is A_and that for the tilted film
A, the absorbance normal to the plane
of the film for a pathlength equal to the
film thickness A is given by the fol-
lowing equation (1):

cosf3

= W{Atilt - AyCOSB} [1]

Anorm

For low-density polyethylene (LDPE) with
a45° angle of incidence this reduces to

Anorm = 4-03Atﬂt - 355Ay [2]

The spectra of a blown film for the
three directions are shown in Figure
5. The band at 719 cm'! is strongly
oriented in the transverse and normal
directions while that at 730 cm™ is
oriented in the machine and normal
directions. These results are consistent
with the most commonly observed
morphology for blown LDPE films.

The quantitative accuracy of this
approach is limited by refractive
index effects when using strong
bands. This limitation can be seen
from the presence of derivative-like
features in the residuals from curve
fitting. However, the approach is
useful for comparing films with dif-
ferent processing conditions.

Surface Orientation

As we have previously described (2),
ATR measurements involve electric

field components both in the plane of a

surface and normal to it. These can be

separated by using a polarizer at differ-
ent film orientations. This approach has

been used to measure the orientation at

polymer surfaces (3). However, a signifi-
cant practical issue is the need to ensure

identical contact while measuring spec-
tra at different film orientations un-
less the material has suitable reference

bands that are insensitive to orientation.
Commercial ATR accessories require

the sample to be removed to change the

orientation, which introduces a large

amount of potential errors. Additionally,
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there is a risk that the pressure required
to obtain good contact may affect the
surface orientation. Specifically, in
the case of LDPE, differences in band
intensities that have been attributed
to changes in crystallinity induced by
pressure (2) are more likely caused by
changes in surface orientation.

Conclusion

Transmission measurements with po-
larized radiation can provide a simple
and rapid measure of the degree of
orientation within LDPE films. Simi-
lar results can be obtained from other
polymers where suitable absorption
bands have been identified. Spectra at
non-normal incidence give insight into
three-dimensional orientation. When
ATR spectra are used to determine
surface orientation it is important to

establish that pressure from the ATR
crystal is not affecting the results.
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