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Absorption measurements of liquid crystals
in the ultraviolet, visible, and infrared

Shin-Tson Wua)

HRL Laboratories, 3011 Malibu Canyon Road, Malibu, California 90265

~Received 4 December 1997; accepted for publication 14 July 1998!

Complete absorption spectra of three liquid crystals with different conjugation length were
measured in the 0.185–20mm spectral range. In the ultraviolet region, the absorption is dependent
on whethers or p electrons are involved. In the mid and long infrared regions, several localized
molecular vibration bands exist. The saddle absorption minimum occurs at aroundl;0.8mm that
is far from the electronic resonance and is right before the overtone molecular vibration begins.
© 1998 American Institute of Physics.@S0021-8979~98!03320-9#

I. INTRODUCTION

In many electro-optic applications using liquid crystal
~LC! devices, light absorption could be an important issue
depending on the wavelength region of interest. For instance,
to steer a high power laser beam1 or to project images to a
large screen employing a high power lamp,2 the absorbed
light is converted to thermal energy and consequently heats
up the LC cell.3 Since the physical properties of a thermo-
tropic LC ~e.g., birefringence and viscosity! are sensitive to
the temperature, the performance of the LC device will be
affected through the absorption of light.

The major absorption of a LC compound occurs in two
spectral regions: ultraviolet~UV! and infrared~IR!. The s
→s* electronic transitions take place in the vacuum UV
~100–180 nm! region whereas thep→p* electronic transi-
tions occur in the UV~180–400 nm! region.4,5 The longer
the molecular conjugation, the longer the absorption wave-
length. The UV absorption affects the photostability and life-
time of a LC device. A high energy UV photon may break
the chemical bond of a long chain LC molecule and cause
deterioration in molecular alignment which, in turn, degrades
the device performance.6 In the visible region, the absorption
is usually quite small. The major optical loss originates from
light scattering due to the LC director fluctuations, rather
than absorption.7,8 In the near IR region, some overtone mo-
lecular vibration bands begin to appear. In the mid~3–5mm!
and long IR~7–14mm! regions, there are many fundamental
molecular vibration bands.9,10 As a result, the baseline ab-
sorption can be quite large depending on the detailed mo-
lecular composition.

In this letter, we report complete absorption spectra of
three LC compounds in the UV, visible, and IR regions. In
Sec. II, we describe the molecular structures and specific
features of the samples chosen for this study. The UV~185–
400 nm! measurement method and experimental results are
described in Sec. III. In Sec. IV, we present the measurement
method and experimental data in the 0.4–3.2mm region. The
absorption in the visible and near IR regions are emphasized.

Finally, in Sec. V, we present experimental results in the
2.5–20mm region.

II. LC STRUCTURES

The objective of this study is to correlate absorption co-
efficient with molecular structures and then identify the low
loss region for device applications. We have selected three
LC compounds: CCH-301, PCH-32 and 5CB with their mo-
lecular structures shown below:

The phase transition temperatures~in °C! of CCH-301,
PCH-32 and 5CB are listed in the following order:
$K9N15I %, $K21.5N(270)I %, and$K24N35.3I %; whereK,
N and I represent crystalline, nematic and isotropic phases,
respectively. The compound CCH-301 exhibits an enantio-
tropic phase, but its nematic-to-isotropic clearing point
~15 °C! is below room temperature~;22 °C!. This feature is
particularly desirable for the absorption studies at room tem-
perature where no heating equipment is required. In the nem-
atic phase, light scattering surpasses absorption in the visible
region and dominates the optical loss.8 At an isotropic state,
the long range ordering of LC molecules disappears so that
the light scattering is greatly reduced. Therefore, the mea-
sured optical loss is mainly contributed from absorption. The
PCH-32 has a monotropic phase transition, i.e., its nematic
phase occurs during cooling process. This compound also
possesses an isotropic phase at room temperature. Since thea!Electronic mail: swu@hrl.com
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clearing point of 5CB is 35.3 °C, all the measurements re-
lated to 5CB as reported here were conducted at 50 °C in
order to avoid light scattering.

III. UV MEASUREMENTS

For the absorption measurements ranging from 185 to
3200 nm, we used the computer-controlled dual-beam
Perkin-Elmer Lambda 9 spectrophotometer. For UV mea-
surements, we limit the spectral range from 185 to 400 nm.
Two experimental methods are frequently employed for UV
measurements:~1! to use a very thin sample; and~2! to use
the guest-host method.5 In this work, we took the thin cell
approach. A thin cell using highly transparent BaF2 sub-
strates was prepared. The cell gap was controlled to bed
;0.3mm. The sample cell was then measured against an
identical BaF2 substrate for correcting the surface reflections.
Results of the selected three LC compounds are shown in
Fig. 1. To convert the measured optical density~OD! to ab-
sorption coefficient~a!, one can use the following relation-
ship: OD5ad/2.3.

From Fig. 1, CCH-301 has the weakest absorption in the
185–400 nm region. This is because the cyclohexane rings
are saturated. Thes→s* electronic transitions occur at
vacuum UV, but its tail extends to the 200 nm region, as
observed from Fig. 1. On the other hand, the phenyl ring in
PCH-32 and 5CB consists of two unsaturatedp→p* elec-
tronic transitions bands, designated asl1 andl2 ~assuming
l1,l2). The l1 band consists of two closely overlapped
bands. Their intensity is very strong. By contrast, the inten-
sity and wavelength of thel2 band depends on the molecular
conjugation length. The longer the conjugation, the stronger
the transition intensity and the longer the transition wave-
length. For PCH-32, thel2 band occurs at;265 nm and has
a relatively weak intensity. For 5CB, thel2 band shifts to
280 nm and its intensity is very strong. From the three-band
model,11 the transition intensity and wavelength of thes
→s* and twop→p* bands determine the refractive index
and birefringence dispersion of a LC material. From the data
shown in Fig. 1, one can predict that 5CB would exhibit a
much higher birefringence than PCH-32 when compared at
the same reduced temperature and same wavelength.

For some electro-optic modulators in the UV region, low
absorption LC materials need to be developed. From Fig. 1,
the CCH series of LC compounds do possess a very small
absorption atl.250 nm. Through a proper modification of
LC structures, potential applications of LCs in the UV region
should be possible.

IV. VISIBLE TO MID-IR MEASUREMENTS

In this wide spectral region~0.4–3.2mm!, the LC ab-
sorption could vary by nearly three orders in magnitude. In
order to enhance the signal-to-noise ratio and improve the
measurement accuracy, we used quartz cells withd51, 2, 10
and 20 mm. The quartz substrate we employed has a strong
and relatively broad absorption band centered at;2.73mm.
To correct the substrate absorption and surface reflections,
we used the dual-beam method to obtain the normalized op-
tical density. In each measurement, the sample cell was mea-
sured with reference to the 1 mm cell. In addition, we divide
the measurements into two spectral regimes: 0.4–1.6mm and
1.6–3.2mm to accommodate the different absorption char-
acteristics.

In the 0.4–1.6mm regime, the absorption of LC is rela-
tively weak. Thus, we chose to use a 10 mm sample cell. The
measured optical density is equivalent to that of a 9 mm
sample. These results were validated by measuring the opti-
cal density of the 10 and 1 mm cells separately. In the 0.35–
0.85mm region, the absorption is too small to be resolved by
the 10 mm cell so that we used the 20 mm cell in order to
improve the experimental accuracy. On the other hand, the
LC absorption in the 1.6–3.2mm regime is so strong that we
need to reduce the cell thickness to 2 mm in order to main-
tain a reasonable transmittance. The experimental results of
CCH-301, PCH-32 and 5CB are shown in Figs. 2, 3, and 4,
respectively.

By examining the experimental results in these figures,
we find a general tendency for all three LCs studied. The LC
absorption decreases with wavelength rapidly in the visible
region, reaching a minimum at around 0.7–0.8mm and then
gradually climb up at beyond 0.9mm. The saddle absorption
valley which appears in the near IR region is an interesting
phenomenon. From the short wavelength side, the electronic
resonance absorption declines rapidly as the wavelength gets
farther away from UV. From the long wavelength side, the

FIG. 1. Optical density of CCH-301, PCH-32 and 5CB. Cell gapd
;0.3mm. Both CCH-301 and PCH-32 were measured atT;22 °C, and
5CB at T;50 °C. To convert OD to absorption coefficient~a!, use OD
5ad/2.3.

FIG. 2. Measured absorption coefficient of CCH-301 atT;22 °C.
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fundamental molecular vibration absorption bands which oc-
cur in the mid and long IR regions extend to near IR through
their higher harmonics. As a result, a saddle absorption mini-
mum occurs at a wavelength which is right before the over-
tone molecular vibration starts.

In the 0.9–2mm region, some higher harmonics of the
fundamental molecular vibration bands exist. This is mani-
fested by two weak absorption bands located in the 0.9–1.1
mm region and three modest absorption bands centered at
1.2, 1.4 and 1.7mm. For example, the 1.7mm band is likely
to originate from the second harmonic frequency of the hy-
drocarbon vibration centered at;3.4 mm.

From Figs. 2, 3, and 4, the two popular wavelengths
(l51.3 and 1.55mm! for fiberoptic communications just
happen to locate in two separate absorption valleys. Their
absorption coefficients are found to be 0.08 and 0.13 cm21,
respectively; not too sensitive to the LC structures investi-
gated.

From 2.1 to 3.2mm, several closely separated absorption
bands appear. They overlap tightly so that the baseline ab-
sorption throughout this region is relatively large. The ab-
sorption band located at;2.4 mm consists of several spikes
and its absorption is quite high (a;30 cm21). In the vicinity
of 3.2 mm, the absorption is surging rapidly owing to the
strong hydrocarbon vibrations.

In the visible region, the absorption is mainly influenced
by the UV absorption tail. Therefore, both electronic transi-
tion wavelength and intensity make important contributions

to the absorption in this region. A LC with a longer transition
wavelength and higher intensity would undoubtedly lead to a
larger absorption coefficient in the visible. This structural
effect is clearly demonstrated in 5CB and PCH-32, as shown
in the inlets of Figs. 3 and 4. For 5CB, its absorption de-
creases from 0.04 cm21 at l50.4mm to below 0.005 cm21

at l50.8mm. By contrast, the absorption of PCH-32 is kept
below 0.005 cm21 in most of the visible region. This is be-
cause 5CB has a longerl2 band and stronger transition in-
tensity than that of PCH-32. The compound CCH-301 repre-
sents an exception. From Fig. 1, CCH-301 has the weakest
UV absorption among the three LCs studied so that its ab-
sorption in the visible should be the lowest. However, from
Fig. 2, CCH-301 possesses a surprisingly high absorption
coefficient (a;0.01– 0.02 cm21) in the visible. The detailed
mechanism responsible for the observed anomaly is not yet
completely understood.

V. MID TO LONG IR MEASUREMENTS

In this spectral region~.2.5 mm!, there exist several
vibration bands. We used a computer-controlled Nicolet 740
Fourier transform IR spectrophotometer for all these mid to
long IR measurements. The substrates we used are 3 mm
thick potassium chloride~KCl! windows. Its cutoff wave-
length is ;20mm, or 500 cm21 in wave number. For the
interest of obtaining absorption coefficient in some low ab-
sorption regions, we used a relatively thick~;150 mm! LC
layer. The cell gap was controlled by a mylar spacer. To
conveniently present data in such a wide spectral range, we
use wave number, instead of wavelength.

Results of these measurements are shown in Figs. 5, 6,

FIG. 3. Measured absorption coefficient of PCH-32 atT;22 °C.

FIG. 4. Measured absorption coefficient of 5CB atT;50 °C.

FIG. 5. Measured IR absorption coefficient of CCH-301 atT;22 °C.

FIG. 6. Measured IR absorption coefficient of PCH-32 atT;22 °C.
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and 7 for CCH-301, PCH-32 and 5CB, respectively. The
purpose of our study is to search for transparent regions
where potential IR application can be realized. The assign-
ments of some common absorption bands can be found in
Refs. 9 and 12. The Nicolet and Lambda 9 spectrophotom-
eters have an overlapped spectral region from 2.5 to 3.2mm.
In this common region, the measured absorption coefficients
agree within 10% even though the instruments, substrates
and LC sample thickness were all different.

From Figs. 5, 6, and 7, there are several overlapped and
isolated absorption spikes. The well-known CH, CH2 and
CH3 vibration bands overlap together to form a strong and
broad absorption band ranging from 2700 to 3100 cm21. Its
peak absorption coefficient exceeds 600 cm21. Owing to the
thick LC layer used, the absorption coefficients of some ab-
sorption bands are saturated, as shown in Figs. 5, 6, and 7.
To resolve the absorption coefficient of these strong vibra-
tion bands, a LC layer of about 5–10mm has to be used. The
absorption coefficient of the peak CH vibration band in 5CB
has been measured previously and result isa;0.3mm21.10

As compared to the electronic absorption band of 5CB (a
;23mm21 at l25280 nm), the transition intensity of the
hydrocarbon vibration band is still;8 times weaker.

Between 2500 and 1500 cm21, both CCH-301 and
PCH-32 are relatively clear except for few weak absorption
bands. The absorption coefficient in the vicinity of 2000
cm21 is around 8 cm21. From Fig. 7, the strong CN stretch-
ing vibration of 5CB peaks at;2225 cm21 with about615
cm21 bandwidth. This narrow bandwidth implies that the CN
stretching is localized; i.e., its influence to IR absorption
does not extend too far.

From 1500 to 500 cm21, there are many spikes overlap-
ping closely. Thus, the baseline absorption coefficient is
raised to;20 cm21. In some regions where the absorption

bands are farther apart, the transparent windows become
wider.

In some IR LC spatial light modulators developed for
seeker simulation13 and optical phased array for laser beam
steering,1 the LC thickness is usually kept below 10mm in
order to obtain fast response time. If the IR absorption coef-
ficient is 20 cm21, the absorption loss is only 2%. However,
if the application requires a centimeter long LC device, such
as a wave guide, then the absorption loss would not be ac-
ceptable.

VI. CONCLUSION

The UV, visible, and IR absorption of three liquid crys-
tal structures are evaluated. Both electronic transitions and
molecular vibration absorption are all dependent on the de-
tailed molecular structures. The UV absorption depends
heavily on whethers or p electrons are involved. On the
other hand, the molecular vibrations depend on the specific
molecular constituents. In the near IR region, the absorption
resides on the tail of the electronic transitions and on the
beginning of higher harmonic molecular vibrations. As a re-
sult, a saddle minimum occurs at around 0.7–0.8mm region.
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FIG. 7. Measured IR absorption coefficient of 5CB atT;50 °C.

4465J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 Shin-Tson Wu

Downloaded 19 Jun 2012 to 139.184.30.132. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


	5
	Fig 5a- Authorization Information
	Fig 5a 原文-Absorption measurements of liquid crystals in the ultraviolet, visible, and infrared

