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ASTRACT

A set of reactive liquid crystal materials vere developed
vhich are capable of detecting quantities (10 ppm or less) of HC1,1
NY, hydrazine, UDMH, and nitrogen dioxide. The materials exhibit /

0 - change in color transition temperature upon exposure to these cont
. iant gases or vapors. Except for HF and HCl, the contaminants are

readily distinguished from each other.
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1. SUMMARY

The purpose of this contract was to determine whether reactive

liquid crystals could be developed that would detect 1 to 10 ppm of

certain gases.

Satisfactory materials were produced to detect hydrazine

hydrate (HH), unsymmetrical dimethylhydrazine (UDMH), N02, HN0 3 , HF,

and HC1. With the exception of HC1 and HF, all of the gases could be

readily distinguished from one another.

Temperature-sensitive detectors were developed which are

capable of distinguishing between HH and UDMH at concentrations of 8
ppm.

A number of detectors were developed that respond to the

oxides of nitrogen, and detection of 6 ppm of N02 was satisfactorily
achieved. N20, which is relatively inert, was found not to react with

any of the systems studied.

When oxides of nitrogen are present in an atmosphere that

contains any water vapor, HNO 3 will be formed. Hence it was deemed

wise to obtain a detector of HNO 3 , although this was not specifically

called for in the contract. Materials that detected 1 ppm were pre-

pared and tested.

Two detectors were developed that will detect HCl and HI at

concentrations below 1 ppm. However, no simple method for distinguish-

ing between the two was found.

Tables 1.1 and 1.2 s1arize the results obtained with the

best detection materials developed. The rectangles in the tables



Indicate the nature and degree of the effect when a detectina material

produces a strong reaction to one of the gases. Because

of lack of tine, certain materials were not tested with all of the

Sases. These are indicated by "NT" in the tables.

is prepared on one side of a thin Mylar film, and the other side of

the film is sprayed with a black paint. At room temperature this film

will reflect little light and hence will appear black. If the film is
slowly heated it vll reach a temperature at which it reflects red

light, so it appears red if viewed by sunlight or incandescent light.

This temperature is called the "red temperature." A further increase

in temperature causes it to turn orange, then yellow, then green, then

blue, and finally black again. The process is reversible, so as the

film is cooled the predominant wave length of the reflected light

varies from the short wavelength blue to the long wavelength red. Nov

if some gas reacts with the liquid crystal matrix the red color may

occur at a different temperature. This is illustrated for a variety

of gases and a variety of liquid crystal detectors in Table 1.1. For

Table 1.1 - Sumnary of Best Detection Materials.
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example, when material M in reacted vith 8 ppm of UDM'H for 15 mina the
red temperature is reduced by 20C.

Table 1.2 illustrates a detection method for circumstances

in which no accurate means of temperature measurement is practical.

For example, to test for UD?.H one takes two sample patches of material

Table 1.2 - Observation of Detection Materials at a Single Temperature.
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Details of the chemical preparation of 28 materials that are

used in the preparation of various liquid crystal detectors are given

In Apendix II.

A description of the apparatus that was used for volumetric

dilution will be found in Appendix IllI.

Appendix IV explains how samples of solutions of liquid

crys.al detecting materials can be prepared for exposure to an atmos-

phere containing contaminant gas, and how the films may be tested.

j TableIV.l lists all of the materials that were delivered to RADC.

iI
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2. IMODUCTION

Liquid crystal materials may be used for the detection of

small quantities of reactive chemical vapors. The following factors

are fundamental to this application:

a) A liquid crystal system can be prepared which has a

given color over a broad range of temperatures, and the temperature

sensitivity may be varied as desired. As an example of this, consider

the cholesteric system composed of cholesteryl oleyl carbonate (0CC)

and cholesteryl nonanoate (CN) which shows a variation in the tempera-

ture of operation from 20.5*C for pure 0CC through all temperatures

(for varying mixtures of these two materials) up to 70*C for pure CN.

b) Materials soluble in the liquid crystal phase when mixed

in small amounts with the liquid crystal system will change the color

vs. temperature relationship of the system by a predictable amount.

The solubility pre-requisite of the additive in not too great a

limiting factor, since almost all oil soluble compounds will be soluble

in the liquid crystal matrix.

c) The color of the liquid crystal system is a function of

the shape and polarity of the molecules of which it is composed. This

effect appears to occur as an averaging effect so that the wavelength

of maximum scattering of the color of a liquid crystal system will be

affected by all the constituents. Thus, if an oil soluble material,

whose shape or polar properties may be changed by a specific cheic

reaction, is added to a liquid crystal matrix: 1) the system will be

sensitive (reactive) to a specific vapor (or vapors); P-) the sensi-

tivity will manifest itself as a change in the color of the liquid

crystal system; and 3) the effects will be permanent or nonpermanent

depending upon the chemical reaction or reactions involved. This

phenomenon occurs even though the original oil soluble additive does

not change color when it alone chemically reacts with the vapor.



It is in this fashion that the liquid crystal matrix serves
a a sensitive indicator. For useful applications it is necessary to

find liquid crystal systems with materials dissolved in them which

VIf react with specific vapors so as to produce easily identifiable

colors at or near roo temperature.

The work associated vith developing specific detectors for

each of the gases is found in the folloving sections.

, j
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3. DETECTION OF TRACE HC1 AND HP

3.1 INTRO MCTION AND THEORY

In the detection of acidic vapors, e.g., hydrochloric acid

and/or hydrofluoric acid vapors, an acid-base type of reaction seemed

of prime interest. The general theory of acids and bases as prqposed

by G.N. Lewis was to define bases as substances having unshared electron

pairs that can be donated to form coordinate (shared) covalent tons.

He defines an acid as a substance having at least one atom t*at can

accept or receive into its valence shell an electron pair belonging

to another atom with bond formation as the result.

In this investigation the base portion of the acid-base, type

reaction has been organic amino compounds, and more specifically, the

nitrogen atom with its unshared electron pair present in these amines.

The amino compounds can be used as additives to the liquid crystal

matrix, or they may be synthesized as integral parts of the liquid
crystal system itself. The acid portion of the reactions to he con-

sie red is the proton from the halogen acids which can avail itself

of he unshared pair of electrons on the amino nitrogen atom for lbond

foi ration. In these cases the reaction products are substituted

anium-type derivatives. For exarple

Ht +

- I B2 + le " CX)

H+

R'R - N + H-[MRR' -Nj (3)

7



Depsedia upon whether the amine is primary (1), secondary (2), or

tertiary (3), the products of reaction are those shown above.

Varying the degree of substitution as well as the types of
substituent groups of the nitrogen atom in the amine. is knovn to affece

the base strength of the molecule. Consider the protonation by water

of scm aliphatic aines and ammonia (Table 3.1). Here we see that

the relative strengths of these basic materials vs. hydrogen acids in

aqueous systems are in the order shown. In general then, it can be

said that the result of replacing the hydrogen atoms of awsonia with

DWIa (R) groups is to increase the basic strength. The effect of

all1 groups is clearly to make the unshared pair of electrons on

nitrogen more available to an electrophilic substance (e.g., the protoz

that is, the alkyl groups increase the electron density on the nitrogen

atom. This effect of the alkyl groups is referred to as an inductive

effect and is a reflection of the unequal sharing of the electrons in

the C-N bond, with the result that nitrogen is relatively more electron

rich in than in ,H.

Table 3.1 - Base Strength of Aliphatic Amines and Amonia

Nam Structure Base Strength

Aminia 4.75

Trimethyl Amine (CH3 )3N 4.20

Nityl Amine CH3 H2  3.37

Triethyl Amine (CH3 CH2 ) N 3.36
Ethyl Amino CH3C 2 H 3.27
Dimethyl Aine (CH3)N 3.22
Diethyl Amine (CH CH )2 MH 2.839i3 2

Further consideration of the data in Table 3.1 illustrates

other important structural effects. Thus, although the replacement of

the hydrogen atoms of amnonia by alkyl groups causes an increase in

base strength, triethylamine is weaker. rather than stronger, than

diethylamine. This is readily explained by considering the tetrahedral

~ .1

61 1"
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f+
configuration that the protonated ammonia (ri+) or amine (CH 2) NH ]

assumes. The presence of three bulky CH3CH2.-groups causes some crowd-
ing of these groups when they are forced into the tetrahedral configura-

tion. This mutual interaction involves repulsive forces that oppose
the attachment of the proton. Thus, the tendency to accept the proton

is reduced, and the base strength is less than it would be expected to

be.

Another structural effect need be considered. Trimethylazine,

(CH3 )3 N, is a somewhat weaker base (see Table 3.1) than triethylamine,
(C2 H )3 N, with respect to protonation (that is, base strength values are
equilibrium constants for protonation by water). However, it is note-

worthy that the Lewis-type acid trimethylboron, B(CH )3 , forms a more

stable complex with trimethylamine than triethylamine. This result can
be accounted for by examining molecular models of these addition-type

CH C+ CCcS\ +.- 3 32
CH- N:B-CH CH3CH2- A:3-CE3  (5)

3 -X
3 3 3H

compounds. In the triethylamine complex (5) the interference between
the ethyl groups and the methyl groups on the boron atom promotes

dissociation of the complex. In the trimethylamine complex (4) this

interference is somewhat less, and so the complex is more stable.
Thus, the trimethylamine is a stronger base towards trimethylboron than

is triethylamine.

Both of the foregoing structural effects are often referred
to as steric factors and are concerned with the spatial requirements

of the molecules involved in specific reactions and series of reactions.

To more clearly illustrate the necessity of close consideration of
spatial requirements consider the role played by steric interference of

the type Just discussed on the tertiary amine quinuclidine (6).

9
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/C

CH I (6)2
//

CH27 CH2

uinuclidine, which structurally approximates triethylamine* orms a+

compound with triaethylboron that is more stable than (CH3 ) N - B (CH3 )" " 3 m 3
The folding back of the carbon chains attached to nitrogen as a result

of their presence in the cage-like ring system reduces interference

with the methyl groups and contributes to stability in the complex.

Thus, depending on the reactions and the reactants involved, different

orders of increasing or decreasing basicity (or acidity) car. be obtained

In the vapor phase detection of acidic vapors like hydrochlori

(Wl) and hydrofluoric (HF) acids, the protonation reaction of a base

will differ from that of an aqueous system, in that acid and/or base

strengths may vary. In aqueous systems, the only acid that need be

considered is the protonated water molecule (H30"), and its strength

* is constant. Considerations of the acid strengths of the two acids

to be detected and differentiated from each other should indicate the

base strengths of the amines to be used. Under the conditions employ-

ed for the detection of HEl and HF, the former is the stronger acid.

This is due primarily to the manner in which dissociation occurs and

can be depicted as follows. In the vapor state, the associated HX

molecule approaches the electron pair on the nitrogen atom of the amine

to form a transition type complex (T):ir: .:+ - N :H <...:N 1X:
~T

As dissociation occurs, the hydrogen atom is captured by

the nucleophilic nitrogen atom to form an ammonium type complex. Thus,

since the dissociation energy of HC1 is lower (102 K cal/mole) than

10
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that of HF (135 K cal/mole), then HC1 manifests itself as the stronger

acid. Gaseous HF exists to a large degree in the associated state;

i.e., molecules of 1F are associated. This can be readily explained by

the greater tendency for hydrogen bonding which .HF exhibJts as com-

pared to HC1.

Thus, as stated earlier, not nly must the reactions involved

be carefully examined but also the reactar .s before any order of reac-

tivity or selectivity can be established. If an acid-base scale ic

to be determined, careful considerations must be given to: (a) the

molecular structure of the various species involved so as to preclude

discrepancies arising from spatial requirements (steric factor) and

(b) the anticipated reactions so that similar and identical reactions

are compared (as opposed to, e.g., protonation in aqueous and non-

aqueous systems).

Sir-e protonation in the vapor phase was the reac:tion under

consideratic , then it appeared that all that was required for identifi-

cation and/or differentiation of HC1 and HF was an amine of the appro-

priate basicit: and spatial requirements. As concerned the "teric

factor, it could be eliminated since in ith instances the same moiety

was involved, namely, the proton. Therefo,,e, any effect due to this

factor would be similarly evident in both cases. To determine the

appropriate basicity for both detection and identification a screeniaig

technique was employed using coimerciall2y available materials in ad-

dition to those prepared in these laboratories. It was anticipated

that there would be found nitrogen-containing amines whi-h were of

such structures and composed of such groups that would allow for the

simple and direct detection and identification of both W~l and I{'.

In addition to, and possibly in conjunction with, thl's acid-

base type of detection, the literature was screened for both qualita-

tive and quantitative analytical reagents that might serve as detectors.

The one major problem was the prerequisite of oil solubility. None I
of the inorganic analytical reagents could be readily dissolved in the

liquid crystal matrix. An examination of the literature on orgtnic

analytical reagents did not produce many oil soluble reagento; actually,

11



o cnly mne raent Sppared to be useful, triphenyl tin chloride. d

that vex considered was the difference in the rates lof addition of th,

hydrogen halides to unsaturated compounds, e.g., olefins().

Since these reactions would occur

-C=C- + 11:X -. rc-- I t:X - -C-C-(8

with the acids in their vapor state then a difference in reactivity

would be noted which would be due to the ionization difference of the

two hydrogen halides. To be sure, the nucleophilic character of the

olefin will pl~ay a part in this ionization, but it will be a constant

for both acids.

A possible means of detection of HF and not H1i (for differ

tiation) that was considered was to use HIP as a Lewis Type acid cataly

e.g., boron trifluoride, ferric chloride,.zinc chloride, iodine, eten.

This idea was not acted upon since the Hr vapors would always be in
the presence of water vapor which would tend to inactivate the Hy as

concerns its catalytic use.*

3.2 SCREEKING TESTS
To find a sensitive detector which would also serve as a

discriminator between IWl and HP vapors, the following method was

used as a qualitative type screening test. The compound under exumina

tion was incorporated in 14 wt .% concentration within a liquid crystal

ri compound of 60 wt .% cholesteryl nonanoate and 40 wt .% cholesteryl)
carbonate.* This mixture was dissolved in a solvent of either petrolei

ether or petroleum ether/chloroform mixture (using only enough chloroV

to effect complete solubility and/or miscibility). A dilution volume

ratio of from 7:1 to 10:1 (solvent to liquid crystal-detector system)

was used which allowed for film thickness of from 25p to 20p, respec-

tively. The liquid crystal films were cast on 0.25 mil thick Myi

12



film which was stretched on 4.25" brass hoops. The back side of the

Mylar was blackened using a dull black paint applied from a spray can

(Krylon paint). Application of the liquid crystal-solvent system to

the Mylar film was by means of a medicine dropper. Only enough material

was applied to the Mylar film to permit even flow to a diameter of

3-4 inches. The solvent(s) was allowed to evaporate, and the liquid

crystal film with the incorporated detector was now ready for use.

The method used for sampling HC1 and HF was as follows: A

10 cc hypodermic syringe was filled with vapors existing with a bottle

of either 36 wt.% of HCl solution or 48 wt.% of HF solution. It was

then assumed that the syringe now contained only IEl (or HF) vapors.

(Actually, of course, the syringe also contained an appreciable amount

of water vapor and air.) This volume was then diluted with air, by

repeated emptying to 1 cc and filling with air to 10 cc, until con-

centrations of approximately a) 100 ppm, b) 10 ppm, and c) 1 ppm

were obtained. Gas mixtures of these concentrations were then delivered

to the liquid crystal film (prepared as described above) by emptying

the syringe approximately 1 in. above the center of the film. In this

manner the materials listed in Table 3.2 and Table 3.3 were tested.

An examination of these two tables provides the screening

results concerning reactivity of the listed additives to 11 and HF

vapors and to what degree, and whether any specificity existed. Of all

the materials tested three appeared to be best for the detection of W1

and HF: oleyl amine, oleyl isonicotinate, and oleyl nicotinate.

Our tests with triphenyl tin chloride as a detector gave

no indication of reaction. Since the compound is a known quantitative

and qualitative detector of fluoride ions, this was surprising. Other

test methods should be tried.

3.3 SENSITIVITY TESTS

Exposure of certain liquid crystal matrices to IEl levels of

1 - 10 parts per million (ppm) w&A known to produce a response. 'In

order to measure the sensitivity accurately, a means of exposing the
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Table 3.2 - Materials Prepared for the Detection of HE1 and HF.

~me Structure PMIWIl Property & 1nh

Doet" licanitinob \\O- .. N mp 167.,-1. 70C G

Okhwkmcoina C~HO 1&0 , O li0/IN0 mm AKN

0".nia..ab C 3  h _191/.0mm UKN

I*Osi Snp!i -- 1H-. I, ., 1mm F

ChOkSeryl rminezot C 4_-c-a c s W l3-lc LG

I "d Cs*Wly purified)

0

0rm f/\x~el mpurified7) .

Chks raiao Cv4-- p229CL

NChOrl 3-1-yidyll prop e ther CH2I-0-CH CCH -- \
f. nd €oipleft purified)

C-ekwrO rap, illpony ciryn-te I O-- mp 223'0C

-cholesteryl -panylnl rne CV941 -N -A mp 168I9C G

ChOfeyl mine C118H35 -NH' 2  tp lEVI. 0o mm AN

, * &L 5trong respons to both HCandF- H. Fumingnot fade on heating I. Response fades on hating

!.Strong response to MCI - weak response to HF K. Response is permanent at room temperature
C. Strong9 respnse to MCI - no response to 1F L Very limited solubility in liquid crystal matrix

SWesle respose to both MCI and HF M. Adiive too volatile

F. Weae responlse to MCI - no response to MVr  N. Limited differentiation by appearance
S. No response to either CI or H . Temporary change slowly disappears at room

. Stemperature

CV

tL_ rtd



Table 3.3 -Additives Tested for the Detection of NCl and HP7.

Niame Structure Rtsu~s*

Aniline rl M4

3. 5- Dinitromni line w 2-*I L

M02

p-Phenylene diamine w9-j.N 2 [

PN, P-Dimehyl-p-phenytene diamine I CH 3 N w 2 IN
2

N,. N-Diethyf-p-phenylene diamine C 2", N-({) NH 2 SH

m-Amirvophenal -NH 2  F

m-Aminobenzoic acid i N... ", IC
>=2

f C02H

jPyrrolidine (7~T) AH,11

N-Aminoethyl piperazine P4Pd N-C2 5 H F

Carbazole, G

Isonicotinic acid 12 C02H L

See Table 3.2 for M"initons
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Table 3. Continued

Structure Results*

!Ictinic acid hydrazide tj-CONMNH L

rJ~ns V NOi~N OCH Lh3

U U-I Tyrasine I14-'/-C CHCOP. L

M12

3 23

3, -Dstinenzanehi fie CON)-H-1 \\-N ELI

*w"hthnzykamnylie -NNwH~HOl C EN

* ~ ~ P thyl etha nolamine N9--C2 CH CH E

Tribenzylamint CH) N AN

* NH2
1, 5-Dinminonaphthalerve

2

Mexadecylamlne CM3 CH -NH A

Pyridne \\

Pli.rdlnt ___ AHI

Sa Tble .2 for definitions
giDimethyl aaamide solvent needed to dissolve these materials Into mixture1' 16



entire surface uniformly to a known concentration of gas for a pre-

scribed interval was necessary. This method* used the partial pressure

data2 for aqueous solutions of HC1. It was found that pressures of

.00024 to .0067 = HCl could be obtained from 4% to 10% aqueous solu-

tions at 20" - 25"C; see Figures 3.1, 3.2 and 3.3. Since the partial

pressure of a gas divided by the total atmospheric pressure yields

directly the mole fraction present, the calculation of the amount of

HCl in the vapor in ppm was possible3 .

Variations in temperature affected tkis partial pressure;

therefore, the mole fraction present could be controlled easily by

varying either the temperature or concentration of the solution, &I-

though during specific exposure periods both had to be held constant.

In practice, the concentration was determined accurately and the tem-

perature was measured during the exposure of the film. From these data

and interpolation curves, concentration could then be readily determined.

The equipment used for the detection of HC1 consisted of a

desiccator, thermometer, volumetric flasks, burets, standard base

solution (O.5 ON NaOH), and miscellaneous glassware necessary for the

liquid crystal handling and exposure. The apparatus was set up as

illustrated in Figure 3.4.

Liquid crystal materials were prepared which consisted of

60 parts (by weight) of cholesteryl nonanoate and 40 parts (by weight)

of cholesteryl oleyl carbonate to which 4% by weight (based on the 60/40

mix) of various detectors were added to make the detector solutions.

To keep the cholesteryl nonanoate-cholesteryl oleyl carbonate ratio

constant, a 10 gram batch of the mixture was diluted with petroleum

ether to 100 ml, then 10 ml aliquots were transferred to each of seven

30 al sample bottles. Each bottle then contained one gam of the

*RADC suggested this method of obtaining atmospheres having very low
contamination levels of known concentration.

17
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Figure 3.14 - Apparatus for exposure of a liquid crystal film to IWl
and HF vapors.
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60/40 weight mixture of chol'.steryl nonanoate-cholesteryl oleyl

carbonate. Forty milligrams of the appropriate detector were added,

and each solution was then stirred to give 3.85% by solids weight of

detector. These solutions are nominally referred to as 4% solutions.

For the measurement of HCI detection, solutions of 1.614 N
(5.9% by weight), 1.760 N (6.4% by weight), and 3.433 N (12.5% by weight,

HEl were made, and titrated to a phenolphthalein end point as a check.

' Before exposure the appropriate solution w-s placed in the desiccator,

and after allowing time for the atmosphere to reach equilibrium, the

top of the desiccator was removed carefully to insert the liquid crystal

* .film. The film was suspended for a predetermined time, usually 15

or 30 minutes, and then removed. The temperature vs wavelength

characteristics of this film were measured before and after exposure

(on the apparatus described in Figure 3.4), and the change or shift

in temperature recorded. Oleyl amine, oleyl isonicotinate, and oleyl

nicotinate detectors were used (incorporating them in the 60/40

cholesteryl nonanoate/cholesteryl oleyl carbonate matrix) and tested

as described. The temperature response (in degrees Centigrade) versus

wavelength of reflected light (in Angstroms) was plotted for each of

the films before and after 15 min and/or 30 min exposures to 1 and/or
10 ppm of contaminant. The magnitude of shift in color temperature

with concentration of contaminant is a measure of the sensitivity.

For the HF solutions, vapor pressure data similar to that

available for HCI solutions were scarce. Since the solutions of MEl

which gave 1 to 10 ppm of HCl in the .vapor above the solution could be

determined easily2 , it was decided to use this same technique for the

approximation of partial pressures of HF gas above aqueous solutions

* of HF. From a qualitative and semiquantitative work (the hypodermic

syringe technique of dilution) it was noted that comparable dilution

-of aqueous HCl and HF vapors gave very similar results with oleyl

amine as the detector in a liquid crystal matrix of cholesteryl oleyl

carbonate and cholesteryl nonanoate. Therefore, since the HF molecule

* is considerably lighter in weight than the HC1 molecule (20.01 vs

- : 36.47), the HF solutions that were made up vary from 1% to 10% by

22



* weight as compared tc the HCl solutions which varied "rom (6% to 12.5%).

In this manner, aqueous solutions of HF were prepared which provided

approximately 1 to 10 ppm of HF in the vapor above the solution based
2

on the aqueous HCI solution-vapor pressure data obtainabl. from tables

It will be noted that some of the detecting materials which

react with HCl and HF vapors may also react with the oxides of nitrogen.

Fortunately the effects are opposite; that is, the effect of oxides

of nitrogen is to depress the temperature range of the liquid crystal

film while the effect of the halogen acids is to raise it.

When performing sensitivity measurements, care was taken not

to use chloroform as part of the liquid crystal-detector solvent system.

It is known that chloroform is light sensitive and one of the products

of degradation is HCl which would interfere with the test.

In performing the actual sensitivity measurements, tempera-

ture vs wavelength tests were first made using the oleyl amine "doped"

liquid crystal system to deter mine the film to film variation. Results

showed that each individual film had to be treated individually. All

the data were normalized to account for changes during preparation,

or variations of trace amounts of contaminatfts in the atmosphere at

the different times that the films were cast. Once made, however, the

films fluctuate very little while maintaining their sensitivity to

trace contaminants.

Of all the materials tested, the oleyl amine proved to be

the most sensitive detector. A 4% solution of oleyl amine in the 60/40

cholestery'. nonanoate-cholesteryl oleyl carbonate produced a twelve

degree rise in the operating temperature of the liquid crystal matrix

after having been exposed for 15 minutes to 8 ppm. Another film was

exposed to 1 ppm for 15 minutes and it showed chanves of approximately

a degree in the same direction (refer to Table 3.4 and Figure 3.5).

These results correspond to a Censitivity of roughly 1 to 1.50C/ppm.

A sample left 18 hours in an unsealed plastic container exhibited a

color transition temperature shift of only 0.3 degree.
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Table 3.4 - Temperature Shift (OC) of 4% Oleyl Amine in 60/40 CholestO
Nonanoate/Cholesteryl Oleyl Carbonate Exposed to NCl

Un- Un-
Wave- exposed exposed
length temp. (aged 15 mn, 16 hr, 15 min,!

Color (A) (C 18 hr) oj.p-pM 1

UV 3888 30.81 +.29 + .76 +4.2 +12.1

Blue 447 28.83 +.46 + .83 ....

Green 5015 28.20 --. +4.45 --

yellow 5875 27.68 +.51 +1.00 +14.7 +12.0

Red 6560 27.29 +.59 +1.10 -- +12.1

Table 3.5 - Temperature Shift (0C) of 4% Oleyl Amine in 60/40 Cholestel

Nonanoate/Cholesteryl Oleyl Carbonate Exposed 15 Min to HF

Water

Un-
Wave- exposed
length temp. 1 vt.% HF 10 Vt.% HF

Color (A) (c) U PPM)

UV 3888 30.81 +2.14 +13.14

Blue 4471 28.83 +1.58 +13.5

Green 5015 28.20 -- +13.5

Yellow 5875 27.68 +1.70 +13.4

Red 6560 27.29 +1.73 +13.4
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Figure 3.5 -Effect of 15 min exposure by HU1 on Matrix A +
14% Oleyl Amine.
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Referring to Table 3.5 and YIgure 3.6, the detection of HF

with % oleyl amine, exceptional sensi)tivity was noted. After 15

minute exposure to 10% HF the color teinperature of the film was raised

approximately 13.5"C, while the color ewperature rise noted for 1%

JW was about 1.5-2"C.

In the screening tests, ole nicotinate appeared to be a

very sensitive detector, i.e., exposure to either HCl or HF seemed to

produce a large shift in the operatingi temperature. When tested under

controlled conditions, however, the ef ect on films containing oleyl

nicotinate did not exceed a 0.5"C shift. Referring to Table 3.6, there

is very iitte change noted between 15 minute exposures to 1 ppm or

8 ppm or HI4 vapor. In the case of EF (Table 3.7) an anomaly can be

seen. The oleyl nicotinate reacted with HF in a manner such that a

greater shift in transition temperature is noted with an exposure of

15 minutes to 11 HF than a 15 minute exposure to 10% HF. In both

instances, however, the shift is rather small so it may mean that in

both cases the detector had become saturated.

Table 3.8 shows the results of testing Hl with oleyl

isonicotinate as the detector. When a film is exposed to 1 ppm Hl

vapor for 15 minutes, a lowering of the operating temperature results;

however, if a similar film is exposed to 8 ppm for 15 minutes the color

temperature is raised. When the same material was exposed to HF,

4 unusual reselts were obtained as shown in Table.3.9. The tempera-

ture shift in the U.V. was negative for 1 ppm concentrations but

positive for 8 ppm. The temperature shift in the yellow and red was

positive after 15 minutes exposure, but negative after 30 minutes.

With 8 ppm and 17 minutes exposure the temperature shift was positive

for all wave lengths.

3.J CO SONS
This study has conclusively shown that a selective test for

the detection of HCI and HF at 1 ppm is. possible. Quantitative

2
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Table 3.6 - Detection of HiC with ). Normalized Oleyl Nicotinate in
60/4O Cholesteryl Nonanoate/Cholesteryl Oleyl Carbonate

Chag in temp. (*C)
Color Temperature After 15 min, After 15 Aun,
Reflected X(A) Unexposed (°C) 0.9 p 8. 8

UV 3888 28.39 +.24 +-.02

Blue 441 26.10 +•17 -

Green 5015 25.25 +.18 -

Yellow 5875 24.46 +.20 44

Red 6560 2)4.02 +.15 +.149

Table 3.7 - Detection of HF with 4% Normalized Oleyl Nicotinate In
60/40 Cholesteryl Notanoate/Cholesteryl Oleyl Catbonat%.

Change in temp. ('C)

Color Temperature After 15 min, After 15 min,
Reflected I(A) Unexposed (*C) 1 wt. ' 10 wt. % -

UV 388 28.39 +.24 +.20

Blue 471 26.10 +.17 -

Green 5015 25.25

Yellow 5875 21.46 +.311 +.24

Red 6560 24.02 +.34 +.20
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Table 3.8 - Detection of ECI with 4% Oleyl Isonicotinate in 60/40
Cholesteryl Nonanoate/Cholesteryl Oleyl Carbonate

Change in Tenn.
Color Temperature, (15 min exposure)
Reflected X(A) Unexposed 0

UV 38W 29.980C -.13PC +.15 0C
Blue 4471 27.81 -.17 +.19
Green 5015 27.00 -. 12
Yellow 5875 26.29 -. 12 +.03
Red 656o 25.90 -. 15 +.00

Table 3.9 - Detection of HF with 4% Oleyl Isonicotinate in 60/40
Cholesteryl Nonanoate/Cholesteryl Oleyl Carbonate

Change in Temperature
15 min 30 min 17 min

Color Temperature, 1% by Wt 1% by Wt 10% by Wt
Refl1ected )-(A) Unxosd (1L~ .(Lp)2 U MM) (8
UV 3888 29.980C -. 050 C -. 240 C +.2180 C
Blue 4471 27.81 - -. 12 +.17
Green 5015 27.00 - -. 17 -

Yellow 5875 26.29 +.07 -. 15 4.24
Red 656o 25.90 +.07 -. 17 +.24

*After normalization
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results have been shown for gas concentrations between 1 and 10 ppm.

Succeis iA separate identification of HUl or HF was not obtained.

I From our studies it appears doubtful that a simple liquid crystal test

can be made for the separation of HU and HF based on acid-base strengtt
i

3.5 RMMOCE
1. Organic Analytical Reagents, Vol. IV, F.J. Welcher, D. Van Nostrand

Co., Inc., New York, 19, p 330.
2. International Critical Tables, Vol. 3, P 301, 1926.

3. Principles of Physical Chemistry, S.H. Maron, C.F. Prutton,
Macuillian Co., N.Y., 1958, p 16.
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1. DETECTION OF TRACE NITROGEN OXIDES

4.1 INTRODUCTION AND THEORY

A literature survey was made to find possible chemical inter-

actions between organic compounds and the five oxides of nitrogen, i.e.,

nitrous oxide (N20), nitric oxide (NO), nitrogen trioxide (1203), nitro-

gen pentoxide (N205). and nitrogen dioxide or tetroxide [2(NO2) or N20'].

The purpose was to find reactions which would occur rapidly between

the oxides and chemical compounds. This type of reaction would dis-

turb the geometric arrangement of the liquid crystal containing various

concentrations of this compound and, therefore, cause a visible, per-

manent change of color or other perceivable physical change.

No evidence was found that N20, nitrous oxide, reacts with

any compound at room temperature or at relatively low temperatures

(1,2). However, several papers and reviews (3,1,5,6,7,8,9,10) deal

with the effect of N204 and of other oxidizing agents on various types

of organic compounds, mainly unsaturated.

Some of the literature (11) indicates that oxides of nitrogen

undergo many reactions in the atmosphere, for example with oxygen or

with moisture. Almost instantaneous equilibrium is claimed for the

reaction

~2- 204

but, at concentrations of the order of fractions of part per million,

the equilibrium actually lies far to the left. In general, the dis-

tribution of the various nitrogen oxides in air is said to be a function

of their respective concentrations, with nitrogen oxide in either form

being one of the most important) together with uitric acid. These

statements, of course, mast be taken in the light of the fact that the
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distributions and equilibrium mentioned in this paper are part of a

study of nitrogen oxides in a particularly contaminated atmosphere,

and may not always hold. In any case, this investigation was focused

upon nitrogen dioxide, although some data on nitric acid also appear

K in the report.
1 iRiebsomer (3) made an extensive survey of the reactions of

N2 0 with organic compounds. A very large number of chemical compounds

were nitrated by N0, sowe with interesting results. For example,

sam organetallic compounds react vigorously giving the corres-

ponding diazonium nitrates N - MO3.

Aromatic hydrocarbons can be nitrated rapidly with N2 0i using

AlCl as a catalyst. In general, double bonds are saturated, and in3
one case maleic acid (cia) was transformed into its geometric isomer,

fusaric acid (trans) (10). Riebsomer found that N2 04 is not a bitter

nitrating agent than HU0 3, but that it is useful under certain eircum-

stances in additions to compounds containing double bonds and as an

oxidizing agent.

Porter and Wood (6) examined the reactions of olefins with

N204 in order to characterize them and to determine the position of
the double bond. Dec-l-ene and 2-ethylbut-l-ene (ten and four chain ca

atoms respectively, terminal double bond) add the tetroxide to give

1,2-addition, e.g.,

2- 02 t 2 -C NO2  + O

and J

12%ClLI....~1{~)+ C1 3H 2)7 CH-C 2 l

c3-(1%JrcH cl 2 "-"> cH3-(012)7 C4_2 N0 -C27 C2

The nitrite groups (-ONO) so obtained can be partially hydrolyzed, and

the nitro groups (-NO2) can be reduced to the corresponding amine by
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common procedures. This type of reaction may be useful for the detec-

tion of nitrogen tetroxide. However, it is claimed that the greater

the molecular weight of the unsaturated olefin with terminal double

bond, the less rapid the reaction with N2 0.

S.V. Vasil'ev (7) studied the effect of N204 on undecylenic

acid in ether solutions. He found that under the action of either

gaseous or liquid nitrogen tetroxide, undecylenic acid first gives a

nitrosite, which then changes into crystalline nitroxyundecylenic acid:

CH22 H(H2 COO COOH N2  CH2CH (H)co

0 NO
2 02

NO

The crystalline nitroxyundecylenic acid (m.p. 121-1229C) precipitates

out, thus providing a drastic change in the chemical systen involved.

In another paper S.V. Vasil'ev (8) investigates the effect

of #2o4 on erucic acid CH3(CH2)fH-CH(CH2 ),lCOOH. Here the final

product was the crystalline nitroxybehenic acid (behenie acid being

the C22 saturated fatty acid):

D22

CH (C2 C (CH2 ),COOH,. m.p. 121-123-C.

OH W02

Under the conditions employed by the author, no double bond shift was

observed, but only N2 04 addition followed by partial hydroxylation.

While oxides of nitrogen have been used for a long time to

isomerize fatty acids, little is known about the efficiency of each

oxide. N.A. Kahn (1) investiKated the effect of N20, NO and N204 o

methyl oleate and methyl linolenate, and followed the change of the

double bond (isolated trans double bond - 10.32m) and the appearance

of nitrogen derivatives (6.11 and 6.44u) by means of IR and UV analysis.

He found that N2 04 was the only oxide which brought about both nitra-

tion and isomerization, generally accompanied by an exotherm, which

33

1 i1 a00 1 in No po O !%



-2 1 ~ ....... 1"

was high enough to polymerize methyl linolenate. Neither of the other'

oxides caused isomerizaticn. The author proposes a mechanism for the

conversion of cis- to trans- modificatiuns of the unsaturated higher

fatty acid esters by N2 04.

Both the isomeric change and polymerization caused by the

exothermic reaction between N204 and the linolenate ester may be of

use in the detection of N 20. A paper by K. Fuse and B. Taaamushi (9)

describes the conversion of oleic acid to elaidic acid by the action di

oxides of nitrogen. They claim almost complete conversion on allowing

oleic acid to absorb N204 for 3 and. minutes at 20"C. However, the

authors made no attempt either to differentiate between the various

oxides of nitrogen (which they obtained by the action of conc. lMO on
3

copper) or to analyze the reaction products. They assumed that the
amount of oxides needed to catalyze the conversion of oleic acid into

elai~tc acid is approximately 1/10 of that needed for the addition

reaction.

The question of whether one is dealing with .NO2 or N20D

depending on the gas pressure and on its concentration in air was not

resolved. Attempts to have the comercial nitrogen dioxide used in

this work analyzed by mass-spectromtric methods gave inconclusive

results. Thus one is obliged to deal with the nitrogen oxile in

question as "nitrogen dioxide", keeping in mind that probably the used

nitrogen dioxide is mostly NO2

4.2 SCRZWIING TESTS

Confronted with a multitude of compounds containing unsatura-

tion which might react with the oxides of nitrogen, several were

chottn for screening tests, mainly on the basis of literaturp referenci

and of previous experience in other chemical fields. They were either

* added to a common matrix or were reacted into a matrix to obtain a

presumably more homogeneous reactive compound. See legend for Figures

4.1 and 4.2.
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4.2.1 Methods and Apparatus

The liquid crystal materials were each dissolved in a solvent

consisting of 3 parts petroleum ether and 1 part chloroform. A solids

content of 10 or 15% was found to give the desired thickness (20 to 25p).

Screening tests were conducted using brass hoops (4.25 inch in diameter)

covered with thin blackened mylar sheeting, on which the detecting liquid

crystal solution to be examined was spread thinly and from which the

solvent was a11owed to evaporate slowly at room temperature. The test

set-up consisted of a thermoelectric element blocK with attendant

electronic auxiliaries; this element, whose testing metal surface was

about 1.5 ' 1.5 inches, was placed over a large copper block which

acted as a heat sink, and the whole was immersed in water. The hoop

to be tested was placed on the thermoelectric metal block (into which

a thermometer had been inserted). A glass pane was placed on the hoop

over the spread-out liquid crystal to avoid temperature-vitiating air

currents and to contain the contaminant gas. The temperature of the

thermoelectric block in contact with the mylar sustaining the liquid

crystal waz increased or decreased as desired, usually at a rate of

1.50C per minute, while color changes or shifts were noted as they

occurred as a function of the temperature. Exposure of the sample tot

the gas was attained either by directing the gas flow right onto the

liquid crystal for undiluted exposure, or by removing a sample of the

gas from the tank with a calibrated syringe, and then by diluting this

quantity repeatedly with a known amount of air to obtain approximately

the dilution desired. Subsequently a known amount of this diluted gas
4was injected under the glass plate lying on the liquid cryatal hoop

and was allowed to react with the crystal for a predetermined length

of time.

In general, temperature-color shift readings were taken

before and after exposure. Note was taken not only of the teLpera-

tures at which color appeared and disappeared, but also of
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the behavior of the crystal. A way to plot or record the results

obtained Is shown by Figures 4.1 and 4.2 where the bargraphs or vet

lines indicate the temperature range covered by the whole color shl

for any particular matrix or combination of gas detectors investiga

The length of each bar is an indication of sharpness of the detecti

reaction, that is, the longer the bar the longer the time during wh

a complete color shift takes place. All the experimnts were run a

least in duplicate and each of them was carried uut observing the

color shift both with rising and lowering temperatures which reprod

themselves with 0.5 degree Centigrade. Since this was intended to!

a rough, screening type of testing, this accuracy was thought sufft

4.2.2 Materials

On the basis of previous considerations, liquid crystal

detectors for nitrogen dioxide were chosen among compounds containii

different degrees of unsaturation. The technique consisted of test

either a liquid crystal matrix whose inherent structure contained

unsaturation or one to which unsaturated compounds were added.

The detectors examined and eported in Figure 4.1 are givE

below. All ratios and percentages are by weight.

A. 60:40 ratio of cholesteryl nonanoate and cholesteryl oleyl

carbonate (one double band in the oleyl portion)

B. 40:40:20 ratio of nonylphenyl carbonate, cholesteryl nonano

and cholesteryl benzoate (this matrix contained no unsaturt

tion outside of that in the cholesteryl and phenyl portions

and was used mainly as a basic matrix)

C. Cholesteryl cinnamate (one double bond in the cinnamate)

D. Cholesteryl 10 undecenoate (one double bond in the undeceno

E. Matrix A plus 1% oleic acid (one double bond in the oleic

fraction)

F. Matrix B plus 2% triolein (three double bonds, a glyceride)

G. Matrix B plus 2% cinnamyl alcohol (one double bond in the

alcohol fraction)
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H. Matrix B plus 2% methyl oleate (one double bond in oleate
fraction)

I. Matrix B plus 2% methyl linoleate (2 double bonds in lino-

leate fraction)

J. Matrix B plus 2% methyl linolenate (3 double bonds in lino-

lenate fraction)

K. Matrix B plus 2% trans-cinnamaldehyde (one double bond in

cinnamaldehyde fraction)

It must be noted that this method of indicating matrices (by themselves

or with added detecting agents) with capital letters was used through-

out this phase of the work. Each letter, except the two (A and B)

indicating basic matrices, merely tells the nature of the detecting

agent added onto a basic matrix; each important variation in concen-

tration is spelled out in the text.

Test hoops coated with a thin layer of the above detectors

were treated under the conditions shown in the legend of Figure 4.1,

as indicated by the number under each color shift line. A detecting

matrix was considered to be reactive if the temperature range of the

color shift line before and after exposure to gas contamination was

unequivalent.

4.2.3 Results

Of the eleven detecting matrices reported in Figure 4.1,

the following gave indication of usefulness in detecting nitrogen

dioxide: A (60:40 cholesteryl nonanoate plus cholesteryl oleyl-

carbonate); E (matrix A + 1% oleic acid); G (matrix B plus 2% cinnaWl

alcohol); I (matrix B + 2% methyllinoleate); and K (matrix 3 + 2% trans-

cinnamaldehyde).

It is interesting to note that matrix H. with 2% methyloleate

(one double bond in the oleate friction) and matrix J, with 2% methyl

linolenate (three double bonds in the linolenate fraction) did not

show much sign of reactivity while matrix I with 2% methyl lnoleate

(two double bonds in the linoleate fraction) did show unmistakably a
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reaction on exposure to nitrogen dioxide. A possible explanation migi

be that ove double bond does not react to a sufficient degree of liqu.

crystal perturbation, while three double bonds (as found in very reid

drying oils) may be responsible for a much too drastic dimerization o

polymerization reaction which might immobilize the liquid crystal
structure. On the other hand, in tke case of reactive matrix A, the

unsaturated oleic portion is an integral part of the molecule and it

appears in sufficient concentration to yield a sensitive reaction.

It is also obvious from Figure 4.1 that contaminant concen-

tration is directly responsible for the degree of response in th read

materials and that, generally. the effect of the reaction betwee ,nitr

dioxide and any of the relatively successful detecting matrices il

last at least one day and usually three days.

The matrices containing cinnamyl alcohol and cinnamaldehyde

as additives seemed to offer the most promising results as shown by th

large difference in color shift temperature ranges before and after

exposure.

The same technique for testing contaminant effect on detecti

liquid crystals was used to determine whether the above five candi4atet

were selective in the detection of nitrogen dioxide. Thus, test hoops

were spread with matrices A, E, K, G and I as described previously,

and were subjected to the effect of contaminant HC1, 1F and UBMi

(un etrical dimethyl hydrazine) as follows:

In the case of HCl, the sample was exposed to concentrated

HC1 as for 10 minutes as previously described for nitrogen dioxide.

In the cases of HF and UEWI, the test hoops were exposed for 20

minutes to undiluted fumes of H and UDW. The temperature bars in

Table .1, where the reactivity of five liquid crystal matrices to

nitrogen dioxide, hydrochloric acid, unsymmetrical dimethylhydrazine

and hydrofluoric acid are indicated in a semiquantitative manner.

The contaminant concentrations in all cases reported in Figure 4.2

and Table 4.1 are considered to be of the same order of magnitude.
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Table 4.1 - Reactivity of Five Liquid Crystal Matrices
to Four Gases.

Reactivity to:

Matrix N02 HCl UDI HF

A Strong None None Slight

E Moderate None None None

en K Strong None None None

G Strong Moderate None Slight

l Moderate Slight None None

Thus, all the selected nitrogen dioxide indicators, except perhaps

the one containing cinnamyl alcohol, are shown to be reasonably

selective toward nitrogen dioxide gas.

43 SSITIVITY TESTS

The work and the preliminary results reported above provided

us with a workable body of information and with a restrictedgroup of

selected materials on which to obtain more quantitative results. In

particular, it was important to know the optimm concentration of

detecting agent in each matrix, the shortest time of exposure of the

matrix to the contaminant gas resulting in a detectable reaution, and

the lower limit of contaminant concentration in air to which the

detector would react visibly. To achieve these aims, a vol, metric

system was assembled that would mix air accurately with a sample of

test gas at concentrations as low as six parts per million. Thbis set

up is described in Appendix III.



The detecting materials tested in this phase of the investi-

gation were the five detectors selected as the result of the screening

work reported above, except that matrix A (60:40 cholesteryl nonanoate

plus cholesteryl oleyl carbonate) replaced matrix B (40:40:20 cholester

noenl phetyl carbonate pls cholesteryl nonanoate plus cholesteryl

benzoate) in the cases ere a detecting agent as added to the choles
base. This was done to increase the temperature senstivity.

Other materials tested were astrtces consisting of, again,

i matrix A by itself, to which were added separately triolein, methyl

linolenate. metbyl olete, methyl linolenate and methyl linoleate

combined., mid castor oil. In addition, cholesteryl phenylydrazine

was tested alone.

The matrices containing cinnamyl alcohol and cinnamaldehyde

had previously been shown to be very reactive to nitrogen dioxide

attack when the latter was allowed to occur a few minutes after the

preparation of the liquid crystal test samples. However, because of

Itheir relatively high vapor pressure the useful life of these detectors

was relatively short.

Consequently, even though Figure 4.l shows that the effect

of nitrogen dioxide on a freshly prepared matrix containing cinnanyl

alcohol lasts at least three days, the high vapor pressure of the

compound and its companion, cinnamaldehbyde, would seem to preclude

their use as ,ffective detectors.

Other materials which were tested ax various contaminantSI I
concentrations and found inoperative were the combinations of matrix A

with triolein and with castor oil. Cholesteryl phenylhydrazine also

proved to be unreactive, at least under the conditions employed here.

Thus, in this continuing process of screening and checking

likely candidates for the detection of nitrogen dioxide, attention

was focused on the following four materials:

(a) Matrix A

Freshly prepared Matrix A was cast over test hoops and tested

in the "Temperature vs Wavelength Apparatus" before and after exposure

to 1000 ppm of nitrogen dioxide. Figure 4.3 shows the rather drastic

142.1
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drop in color shift temperature caused by this contamination. It should

be noted here that in comparing temperature (T) v9 wavelength (h)

curves, one should bear in mind that the really useful portion of these

curves is the one falling in the visible region, that is, approximately

in the range between 4500 and 6500 A, where most of the curves approach

ric a linear form. For example, blue color appears at 4471 A, the green

color at 5015 A, the yellow color at 5875 A and the red color at 6560 A.

For visible comparison, then, one should check the "before" and "after"

curves and determine at what temperature a certain color appears in

both cases. In the case of curve 1 in Figure 4.3, the yellow color

was visible at 39.14C; in curve 2 this temperature corresponds to the

ultra violet region.

Although Matrix A does show certain possibilities as a

detector, subsequent work indicated that it is not as efficient at

low contaminant concentrations as other detectors described

later.

(b) Methyl Linoleate Plus Matrix A

Matrix A, plus 4% by weight of methyl linoleate, was exposed

for 15 minutes to a contaminant concentration of 6 ppm. Figure 4.4

gives the results. This exposure indicates a small but positive reaction

which appeared to last at least one day. The relatively mall tempera-

ture difference between curves 1 and 2 indicates that the sensitivity

range of this may be too narrow for easy detection.

(c) ethyl Linolenate Plus Matrix A

Figure 4.5 shows the effect of the contamination by 6 pp. of

nitrogen dioxiee on Matrix A plus 4% methyl linolenate as a function of

exposure time. This material is sach more sensitive to the attack of

nitrogen dioxide traces than methyl linoleate. In fact even when the

exposure time is reduced from 15 minutes to 10 minutes, the color shift

temperature difference between uncontaminated and contaminated samles

is larger than that occurring in the case of methyl linoleate at 15

minutes' exposure. Here then we find that the presence of three

double bonds in the addendum definitely improves the reactivity of

the liquid crystal detector.
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1. 60/40Pain Matrix A
2. Same, 15 mini. Exposure

42- (1000 ppm contamination)
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.1Figure 4.3 - Effect of 15 minutes exposure of Matrix A to
1000 ppm of NO2
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1. 60/40 + 4V. Methyl Linoleate
2. Same 15 min. Exposure
3. Rerun 24 hrs. Later

f6 ppm contamination)

32-
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UV Blue Green Yellow Red
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Figure 1.1 - Effect of 15 minutes exposure of Matrix A to
6 ppe of nitrogen dioxide + methyl linoleate
mid effect of 24 hrs. aging on exposed sample.
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1. 60/40 + 4% Methyl Linolenate
2. Same,5 min. Exposure3. Same 10im. Exposure
4. Same,15 min. Exposure

16 ppm comtamination)

30

~28

E

~24

24

22
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201
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Wavelength (A)

Figure 14.5 - Effect of exposure of 6 ppm of nitrogen dioxide
on Matrix A + methyl linolenate for different
exposure times.
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(d) Oleic Acid Plus Matrix A

Figures 4.6, 4.7, 4.8, and 4.9 were introduced to show the

type of experiments carried out to determine both the optimum concen-

tration of the added detector (addendum) and the effect of decreasing

contaminant concentration of each material at constant exposure time.

These figures show that the amount of color shift between unexposed

and exposed samples decreases as the NO2 concentration decreases.

Figure 4.6 also shows that the detector reactivity decreases as the

addendum concentration increases, at a contamination level of 1000

ppm. At a contamination level of 100 ppm (Figure 4.7) the detector

sensitivity remains approximately the same no matter what the addendum

concentration. At a contamination level of 10 ppm (Figure 4.8), the

reactivity seems to be inversely proportional to the addendum concen-

tration. With a contamination level of 6 ppm (Figure 4.9), the results

with 1% oleic acid plus Matrix A are unexpected and perhaps atypical;

however, again the highest addendum concentration results in the lowest

reactivity. It will be noticed also that in all cases the greater

the detecting addendum concentration, the "cooler" is the detecting

materials. An addendum (oleic acid) concentration of 3% by weight was

then chosen to investigate the mi mum exposure time necessary to

obtain a visible reaction. Figure 4.160 shows the effect of differeat

exposure times of 6 ppm of nitrogen dioxide on a matrix 'onsisting of

3% oleic acid in Matrix A. With this material, sexposure of 15

minutes to 6 ppm of nitrogen dioxide seems to be e sary to obtain

a visible reaction.

4 co1.o4s . .......

The aim of this phase of the reactive materials investigation

was that of finding liquid crystal-type materials which could reliably

detect very small quantities of nitrogen oxides, of the order of 1-10

ppm. As explained in Sec. 4.1, all the work was done with nitrogen

dioxide, since no success was had in finding reactions with N20 that
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1. 60/40 + ISleic Acid
2. Same15 min. Exposure.

39- ~3. 60/40 +3% Oleic Acid4 * *Sam e 15 m in Exposure
5. 6(V40 +5% Oleic Acid
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Figure 4.6 - Effect of 15 minutes exposure of 1000 ppm of
nitrogen dioxide on Matrix A plus different
concentrations of oleic acid,
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1. 6Q(4 +1SOlelc Acid
2. Same.15 min. Exposure
3. 60/40 + 3% Oleic Acid

38 ~4. Same.15 min. Exposure
5. 60/40+ 5% Oleic Acid
6. Same,15 min. Exposure

I100 ppm contamination

(34- 
2

0 I

"00 .00 460 0 1 7000 Aid
Wavelength (A)

Figure -.7 - ct of 15 minutes exposure of 100 pPa of
nitrogen oxide on Matrix A plus different
concentrations of oleic acid.
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fell into the temperature range and conditions desired, and since the

other oxides of nitrogeni quickly revert to nitrogen dioxide when exposed

to the atmosphere. Of the several materials investigated, and ofJ the resulting likely candidates, two emerge as being relatively reliable
&A selective: Matrix A (60:140 cholesteryl nonanoate plus cholesteryl
oleyl carbonate) + 3% oleic acid and Matrix A ' 14% methyl linolenate.

Zcposure times of a minim-m of 15 minutes for the former and of 10

minutes for the latter are suggested; sensitivity to 6 ppm of gas

contaminant was demonstrated for both. Matrix A by itself might

also be a good detector, and this possibility ought to be investigated.I The two final detectors above and especially the one involving methyl
linolenaite, which is the more sensitive of the two by a small margin,

provide detecting systems which are easily separated by attainable

temperatures and which are activated reasonably quickly.

One usts however, bear in mind that the detecting system

containing methyl linolenate was not tested for sensitivity to HK1, HF

and UIHH, so that this system may not be selective. On the other hand,

previous work with the very similar methyl linoleate did show selectivity

for nit~rogen dioxide, and therefore the methyl linolenate system might

well be selective also.
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5. DETECTION OF TRACE HYDRAZINE AND UDW4

5.1 IMRODIUTION AND THEORY

For the detection and identification of hydrazine and its

methyl derivatives six different reaction systems were investigated.

These systems involved the reaction of hydrazines with
0
II

a) chloroformates (R-O-C-Cl)
0II

b) acyl or eryl chlorides (R-C-Cl)

c) the materials of (a) or (b) in conjunction with a
proton acceptor (e.g., pyridine)

d) the materials of (a) or (b) in conjunction with an
alcohol (R-OH) with the hydrazine functioning as a
proton acceptor

e) P-diketones or f-ketoesters to produce pyrazole-type
ring structures depending upon the degree of subti-
tution of the hydrazine

f) reactive aiJylic-type halogen compounds alone or in

conjunction with an alcohol.

In systems a) and b) the over-all reactions are simlar and

can be formulated as follows (using hydrazine as the example). These

reactions are nucleop'I.lic in nature

()

I53
53



i ,/

R-C1-sC1 :NHNH2  -> R-C 1 (2)

H

//

i(-)

r 1
I MM I NHNH

!2
:0, "0m:+H +C" ->2 I

C-

B-C r r -C + :C1 (4)

2 2"

H2 2 + H + Cl ro 2toH 2] cl (5)

..-and may be considered to be initiated by the attack of a pair of electrons

(on the nitrogen atoms) uptcn the carbon atom of the activ-ted carbonyl

group. Thus, step (1)'is the normal activation of a carbonyl group

arising from the greater electronegativity of the carbonyl oxygen atom
as compared to the carbonyl carbon atom. The partial positive charge

(6)on the carbon atom becomes somewhat enhanced due to the inductive
effect (electron withdrawal) of the chlorine atom. In step (2) the

nucleophiliic nitrogen atom attacks the positive center of the acti-

vated acyl halide molecule to produce the so called "transitioa state."

This "transition state" may stabilize itself by the two step pro-

* cess illustrated in (3) and (4) The order of steps is probably as

514



shown since the driving force can be thought of" as the abstraction of

the proton (H) by a second molecule of the nucleophilic hydrazine

molecule (5).
The third reaction system, (c), investigated is similar to the

series of reactions formulated for (a) and (b). The difference is the

presence of a proton acceptor, other than hydrazine or its methyl deriv-

atives, which is used as an additive to the Liquid crystal matrix. By

the use of an acceptor such as pyridine there is obtained a more reactive

system, more reawtive than systems (a) and (b) since the detecting

media exists in the matrix in a reactive state. This reactive state is

a transition-type state which can be stabilized by rosance (6):

N + I I Cl "
CO C oO =oC. o c-=o (6)
I I i I

R R RR Cii
Such systems have often been used for introducing acyl groups into other

molecules. Systems such as these should be very sensitive to water or

moisture in the atmosphere, more so than systems (a) or (b).

The fourth reaction system 3tudled, (d), involved the reactioa

of chloroformates (or acyl or aryl halide&) with in alcohol when catalyned

by the presence of hydrazine or its methyl derivatives acting as an ecti-

vator and proton acceptor. The overall reactions may be written as:

0 0

// NH;,2  !1
RC -Cl + R'OH 2-> R-C-O + +N:H] C" (7)

The esterification reaction shown ia (7) is a very useful tool in

synthetic organic chemistry. Usually, however, a tertfary amine

(e.g., pyri -ine) is used a- the activator instead of primary or secondary
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mdn's. This is obvious since primary and second ry a .es can react

with acyl halides to form amides (1-5) which vil contaminate the

desired esterified product.

The fifth reaction studied involved the interaction of hydra-

zines with either 0-diketones (8) or 0-ketoesters (9):

0 0 0 0:It It II It
(8) E-C-CH2 -C-R' R-C-CH2c-oR, (9)

This method hea the sdvantag , ,at it should be able to differentiate

between hydrazine, symetrically substituted hydrazines, and uns-etrcally

substituted hydrazines.

Both the P-diketone and the 0-ketoester are ca able of under-

going tautcaerism and two fore caw.i be rritten for each, a keto form

and an enol form. Consider a A-diketone such as acetylcetone (1u)

0 0 0 iH
II It T % III

CH3-C-CH2C-CH 3  -- CH3C-CH-C-CH3

(10) keto form (".) enol form

The enol form is capable of reacting with hydrazine, aonO-substituted

bydrazines, and synmetricall di-substituted hydrazines o form pyrazole

derivatives. However, unsynetrically di-substituted hyrazines are

incapable of reacting to form these pyrazole-type ring structures. .

In the case of hydrazine and acetylacetone, th reaction

may be visualized as follows. After establishing a tautomeric equilib-

rium, the hydrazine molecule reacts with the enol form (li) with the

elimination of one molecule of water;

0 N

(1) + NH -> CH C-CHC-CH3 + Ho

(12)
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(12) - - - C-Ct(8+) (

(13)

(13) > CH3 -C *-CH2

CH

This molecule (12) can undergo carbonyl activation with (13) as the
result. As shown earlier, the nucleophilic nitrogen atom can 'hen
attack the positive center of the carbonyl group (carbon atom) and by
the transfer of a proton from the nitrogen atom to the negative center

of the carbonyl group (oxygen atom) a neutral cyclic molecule (14) i1
formed. By the elimination of the elements of water from the nitroger.
atom (the protoi.) and the adjacent carbon atom (the hydroxide ion) the
compound 3,5 - dimethylpyrazole (15) is formed.

Another possible reaction mechanism leading to the as
pyrazole derivative involves the formation of product (12) and then a
tautomerism to (16).

0 N)TH 0

C3--C-CH 3 Z_ CH3-C-CH2-C-CH3

(12) (1)
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OH M N

(16) CH3  CH C- CH33

(17) CH . .3 -C.... C3 +HO

(15)

3P5 - dimethylpyrazole

Product (16) can exhibit enolization of the other carbonyl 'group to

form (17) which can then lose the elements of water to cyclize and

produce the 3,5-dimethylpyrazole (15).

To illustrate the end products that could result if hydrazine

and its methyl derivatives were to react with acetylacetone in this

fashion, consider the following structures:

N-N-HII I
Hydrazine NH2NH -> CH -C C---CH (18)

3 3

3,5 - dimethylpyrazole

Methyihydrazine CH3NHNH2 -> N-N- CH19

CH C C- CH

1,3,5 - trimethylpyrazole



0 T(CH 3 )NCH 3
II3

C-CHC-CH 3

(20)

sym-Dimethylhydrazine (CH 3 NH or 4-N,I'-diethylhydraine
-pentene-3-onw-2

CHi -N -N - CHi

N CH3NO-- C

(21)

1 235-tetrsmethyl-3-hroy-
h-pyrazoliz e

(CHNN) -3 f~32

0

(22)

mono-NJ- dinethylbydraz one of acetylacetene

Since all of these products differ from one another, their
individual effects on liquid crystals may also be different. Such a
difference in response might enable the differentiation of the
substituted and unsubstituted hydrazines.

.1 The sixth method considered was the use of allylic halides
which are known to be very reactive compounds due to the ease of their

ionization (23). This ease of ionization is a consequence of the
ability of the electrons of the C-C double bond to contribute to the

vacant orbital of the carbonium carbon atom (24).
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RCHnCH-C112:Cl -> RCHuCH-CH2I :C (23)

RC-H RCH-CHwCHJ (234)

The carbonium ion formed is a strong electrophile and should be capable

of scavenging for electron dense materials, e.g., nitrogen compounds

having available electrons. Since TMH is a stronger base (see below)I
than hydrazine it could react with an allylic type halide as shown in

(25): (2)
2(25

RCH-CH CH2C + (C 3 )2 M2 -> [ 2 -NH2 N(C 3 )] Cl"

In the presence of alcohols., allyl halides may be induced to react by

the presence of a proton acceptor, e.g., hydrazine (26);

(26)

RCH=CIH 2 Cl + R'OH >RCHuClM 2-OR + N"31 Cf

Reactions as these were investigated as a possible means of differentiatir

as well as detecting the hydrazines.

With hydrazine and unsymmetrical dimethylhydrazine it can be

anticipated that there will be a difference in response to some of the

preceding reactants. This difference can be &ttributed to the fact

that the UMM is more basic than hydrazine, and the UDIMH will have a

steric factor associated with it.

That UDMH is more basic than hydrazine results from both

the inductive and the hyperconjugative effects of the two methyl groups.

This may be illustrated as follows:
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*3l! wx+ I effects of CH3 groups, and (27)

CH (Inductive)
3

CH
3 -O2 6 "~no-bond"resonance forms. (28)

'-00 (Hyperconjugative)

Bot.h of these effecZ. increase the basicity of the UMM molecule by

making the electron pairs on nitrogen more aail ble for reaction.

The possible steric factor asaociated with tDH (27) is

caused by the spatial requirements of the two bulky methyl groups, as

compared to two hydrogen atoms on bydrazine (28):

(29) 3~c NN' 2  vs. N m-EN2  (3o)

3

5.2 SCREEING TTS

The same methods of liquid crystal film preparation with

the incorporated detector(s) and smple delivery ware used for the

detection of hydrazine and unsymmetrical dinethylbydrazine (UDW)

vapors as was described earlier in Section 3.

-For screening, the materials investigated a detectors were

treated not only with the vapors of the materials to be detected but

also with other nitrogen bases. As a representative group, the other

vapors tested were amonia, triethylaminep and pyridine. Table 5.1

shows the materials screened as detectors and the responses caused by
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Table 5.1 - Materials Screened for UDH4{, Hydrazine Detection.

MaeilStructure NH3  ICH3P3  Pyridine UOMH " "n

Oodecel" cho'ride CH 3-(CH 2 8-CH=CH-CH 2-CI

Dodeceny chloride CH - ICH2 -CH-CH-CH -Cl
oklelcohola II II

HO-CH -C 2  -CH-CH-ICH 2 -CH3

Oleyl chlorotormate CH3-I CH I -CH-CH-C4 2 -C-1-Ct A A A A

22
Cholesteryt chlorolortnate C 7 40C1 I A 6 S
*Pyrldino N

Cholesteyl chlorolormate CUH45-C-9-Ct

Cholesteryt chtorolormafe C H 5-- -Ct C H45-OH F F F F F
*cholesterol2140- t?5

Cholesteryt chlor olorinae C H45-C--Ct.* 1 H35-(OH C C C C. C
* Ollyl alcohol 2 s3

Cholesteryl chloroformale C 7H 45 --A-Ct 4 CH 3(CH2) -CH 2- OH C C C C C
hexyl alcohol4

Oleyl terepnithly chloride CH 3- ICH 2 ) -CHCH-t CH 2 )CH 2-- C3 } A D E A A

00fCholesteryl ephthalyl C27l4- C-C- E EF C C

bridr

Cholesteryl isophthaty C H -C-t -r jT -Cl E E E C COjchloride 2745

A Strong increase in temperature D YVedk decredse in temperature
8 Weak increase in temperature E No reaction

1IC Strong decrease in temperature F Color change Item~efature lnsensitivel
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vapors of the five nitroen-contain ng bases. All of the detector

systems shown in the table represe the first four methods of

detection described in the section bove, i.e., chloroformates or

acyl halides alone or in conjunction with an alcohol r pyridine,

and (the sixth method of detection) allylic-tye (reactive) halogen

alone or with an alcohol. Of the & thods and materials tested, it

appear that cholesteryl, terephthaiyl chloride, cholesteryl Isophthalyl
chlorid, and cholesteryl chloroformate with an alcohol resulted in

the gret st sensitivity.

The fifth method involved the use of 0-diketones (or P-

ketoesters). This method proved vaiueless when tested in the usual

manner; i.e., vapors of hydrazine or UE4 did not cause a change in
the liquid crystal film. Probably, for this reaction to succeed, a

longer contact time between reactants is necessary.

5.3 SM V TY TET

The method and apparatus used to test for and measure the

response of UDM were the same as described in AppendixIII. As demonstrated
earlier this equipent allows for the delivery of gases or vapors of

a known volume and known pressure so that by. expansion into a larger

known volume the concentration can then be determined.

In Table 5.2, the results are shown of exposing 8 ppm of
UI for 15 minutes to 4% cholesteryl terephthalyl chloride. As can
be seen, the operating temperature of the film was lowered moz than

2 degrees in the visible region. At 44*C (see Figure 5.2) than, the
44eye would see that the wavelength of' reflected light shifts fr-m

6000 A in the red region to 4200 A n the blue region. The sensitivity

Is calculated to be -0.29"C/pps Of UIN!.

The mixture containing 4% cholester)l isophthalyl chloride
was found to be less sensitive (Table 5.3). After a 15 minute exposure

to 8 ppmj of UTM this film exhibited a shift in the visible region of

approximately -O.6"C (see Figure 5.1). Before exposure to UEM, it

would reflect light of a 6000 A wavelength (red region), while after
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exposure the reflected light would be at 5000 A wavelength (green region).

The sensitivity here was calculated to be -O.075oC/ppe.

Temperature sensitive detectors were prepared by using

mixtures of cholesteryl chloroformate (4%) in conjunction with chol-

esterol (molar amount based on the cholesteryl chloroformate) dissolved

in a liquid crystal matrix of 60/40 cholesteryl nonanoate-cholesteryl

oleyl carbonate. This material evidenced a response to UDHH as shown

in Table 5.4. Comparison data of thick film vs thin film preparation

showed the effects encountered when diffusion plays a part; i.e.,

the thin film evidenced a greater change than the thick film when treated

in identical fashion.

Table 5.5 presents the data obtained using a detecting

system of 4% cholesteryl chloroformate with an equimolar amount of oleyl

alcohol in the usual 60/40 matrix. Exposure to 8 ppm for 15 minutes

produced a negative shift of the color temprature.

The sensitivity tests for hydrazine-hydrate presented some

problems that were not encountered in the UD14H tests. When hydrazine

hydrate was placed in the volumetric dilution apparatus described in

Appendix III, very little vapor pressure was noted. The vapor pressure

of the hydrazine-hydrate at room temperature was found to be about 1 m.

The vapor pressure of hydrazine at 20°C is 10 = while that of water

at 20C is 18 -. Since considerable hydrogen bonding does take place

in a liquid solution of hydrazine and water, as evidenced by several

physical properties, the vapor pressure of hydrazine-hydrate might be

expected to be less than that of either of the two individual liquids.
i Data are available (1 to substantiate that vapor pressures of hydrazine-

water mixtures exhibit a negative deviation from Raoult's Law aMA that

the vapor pressures of the individual constituents are smaller than

might be calculated fru the mole fraction of each. This low vapor

pressure of hydrazine-hydrate made it impractical to achieve the

desired 10 ppm with the volumetric dilution apparatus that was used

for the UIDW Therefore, the method used was the hypodermic syringe

technique described in Section 3.2. The calculated vapor existing
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Table 5.2 - Detection of UDWG with 4% Cholesteryl Tertphthalyl'
Chloride in 60/40 Cholesteryl Nonanoate - Cholesteryl
Oleyl Carbonate.

Temperature

Wave- 15 min.
Color length Exposure Temp.
Reflected (A) Unexposed 8.13 pvm Change

Uv 3888 18.12C 45.910C -2.21"CI Blue . 4685 - - -

Green 5015
Yellow 5875 44.07-44.19 41.76 -2.31 to -2.43
Red 6560 -

Table 5.3 - Detection of UDMH with 4% Cholesteryl Isophthalyl
Chloride in 60/40 Cholesteryl Nonanate-Cholesteryl
Oleyl Carbonate.

Tezperature

Wave- 15 Mit.
Color length- Exposure Teup.
Reflected (A) Unexposed 8.1 3

Uv 3888 41.93*C 41.29*C-.6 '

Blue 1685 39.55 38.91 -.64
Green 5015 -38.76--.- 7
Yellow 5875 38.114 37.50 -. 64
Red 6560 37.78 37.19 -. 59
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Figure 5.1 - Effc-t of 15 min contamination by 8 ppm UUI on Katrix A +
4% Cholesteryl Isophthalyl Chloride.
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Figure 5.2 Effect of 15 min exposure by 8 ppa UEH on
Matrix A + J4$ Cbolesteryl Terepbtbalyl Chloride.
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Table 5.14 ..- Detectim of UtM with 4% Cholesteryl Chloroformate
+ Cholesterol in 60/40 Cholesteryl Nonanoate-
Choleteryl Oleyl Carbonate for Thick and Thin Films.

Teat of Thick Fsim Test of Thin Film

Waperature Temperature

Color Re- 15 min Temp. 15 min Temp.
flected X(A) Unexposed 8 Change Unexposed 8 Change

UV 3888 37.07 - 36.59 - -- 35.84*C 35.020C -.82"C
36.59 36.24

Blue 14685 30.90"C 30.92"C +.02"C -- 35.48 --

Green 5015 30.02 29.90 -.12 -- -- --

Yelow 5875 29.20 29.18 -.02 28.95 29.22 +0.27

Red 6560 28.64 28.59 +.05 -- -- --

Table 5.5 - Detection of UDMH with 4% Cholesteryl Chloroformate +
Oleyl Alcohol in 60/40 Cholesteryl Nonarnoate-Cholesteryl
Oleyl Carbonate.

Temperature

Color 15 min Temp.
Reflected L(A Unexposed* Change
UV 3888 23.05C 20.38C -2.67C

Blue 4685 18.oo 17.58 - .42

Green 5015 26.82 16.42 - .O

Yellow 5875 15.70 15.68 - .02

Red 6560 15.07 15.12 + .05

*After 1 day standing
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above liquid hydrazine hydrate is 1000 pps. Using the syringe this

concentration was reduced to 100 ppm and then to 10 ppm. Using a

detector of 4% by vt. cholesteryl chloroformate and cholesterol

(equizolar) in a 60/o0 matrix, hydrazine-hydrate did not give a satis-

factory response. However, the 8% cholesteryl chloroformate and 8%
cholesterol in a 60/40 matrix gave an identical response a that obtained

wtth UDM. Using this as a basis of comparijon, the 1. cholesteryl

terephthalyl chloride and 4% cholesteryl isophthalyl chloride ccntaining

liquid crystal systma were exposed to lH. The result was a depression of

1 to 20C for the terephthalyl derivative and a depression of approximately

0.5:C for the isophthalyl derivative. Upon standing, this difference

gradually diminished and ultimately became slightly positive, i.e.) the

operating temprature was raised. further work is needed to determine

the mechanism of this effect. The detection of UDM indicated a thange

in the slope of the temperature vs wavelength curve rtther than a shift

in the operating temperature. This indicated that the reactions for

this materi al could be readily adapted to temperature insensitive

systems. Three systems were made which were tcxperatu-e insensitive.

The most sensitive used a catalytic mechanism. It contained, by weight:
30 parts cholesteryl oleyl carbonate,

20 parts cholesteryl nonanoate,

8 parts cholesterol, and

8 parts cholesteryl chloroformate.

This material shifted from a green color to a deep red at 8 ppm at

24"C. Before exposure the material was temperature insensitive; after

exposure the material changed color with a change in temperature. is

material could probably be impro-red by adding cholesteryl chloride.

Because of a lack of time this procedure was not investigated. Simle

amines were shown to interfere with the results of this test. Nowever,

if UMM or hydrazine are known to be present, it couA be used as a

quantitative test.

The tw remaining materials were made using mo-cholesteryl

isoaphthalyl chloride and mono-cholesteryl terephthalyl chloride. Thee

formulations (by weight) are s follows:
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. . ...

2 parts cholesteryl terephthalyl chloride
7 parts cholesteryl oleate

I part cholesteryl nonanoate

2 parts cholesteryl chloride

2 parts cholesteryl isophthalyl chloride

7 parts cholesteryl erucyl carbonate

1 part chlesteryl nonanoate

2 parts cholesteryl chloride

Although these materials are of lower sensitivity than t

preceding mixture, they give a test which is not interfered with by

any of the gases or vapors used in this contract.

COWCLUSIONS

The qualitative detection and distinction between hydraz:
(and its methyl derivatives) and a number of other basic molecules has

been successful. The number of detection mechanisms available and

the results obtained show the versatility of a test which is based on

the chalesteric ystem when applied to moderately complex molecular

structures. In the tests for sensitivity, the results were not as

strong as with EM1 or HF; however, concentrations of 1 to 10 ppm could

be detected.

The unusual effect of hydrazine and UDf with terephthall

chloride derivatives should be further studied with an attempt to

determine the mechanism involved. This reaction is potentially very

useful in leading to reactive materials which have high sensitivities

and the ability to distinguish minute differences in molecular structure

Temperature insensitive materials were developed with th,

group of materials which show the validity of earlier work in this area.

The interpretation of the temperature vs wavelength curves was used to

imply that a nontemperature sensitive material could be made. This was

experimentally verified.
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6. DETECTION OF TRACE H.O.

As a side result of this work, cholesteryl phenyl hydrazine

which was prepared as a possible detector of HCI and HF has been found

to be reactive to HI0 at the 1 to 10 ppa level, but not to the oxides

of nitrogen or to Hdl or HF. This in an important result since the oxides

of nitrogen ill form HMO) in the presence of water vapor. Under som
3

circumstances this should be a valuable aid in gas analysis. The
material was prepared for testing by placing 10% by weight of the

hydrazine In 55% cholesteryl oleyl carbonate and 35% by weight cholesteryl
nonanoate. Using a hypodermic syringe and the technique described

earlier, a shift in the color temperature in excess of VC occurred for

a concentration estimated at 1 ppm or less.

By adding 4&% cholesteryl phenyl hydrazine to a matrix that

was cmposed of equal parts of cholesteryl nonanoate and oleyl

cholesteryl carbonate a detector was prepared that resets to 1111
3

but not to HY and XCI. The color transition temperature is raised

more than VC upon exposure to 8 ppm concentrations of HM) for
3

15 minutes.

Since work on this material was not required under the

present contract, the effect was not studied at great length. Indi-
cations are that it might prove useful for a non-tumperature sensitive

material. However, this has not been experimentally proved. Thi
would be acaplished by using a matrix containing cholesteryl chloride

as a major constituent (see Appendix I).

I
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7. CONCLUSIONS AND REC(2MMNDATIONS

HCU and HF. Suitable materials for detecting HC and HF at

concentrations of 1 ppm were developed. With the temperature and pres-

sure restrictions that were impoced it was not found practical to distin-

guish between HC and RF. If soie particular application demands a dif-

ferentiation between them, future work is recmiended.

ER and UDm. Several temperature insensitive detectors were

developed that reacted to both HH and UtM at concentrations of the

order of 10 ppm. .ltmperature sensitive materials were found that would

distinguish between these two gases at concentrations of 8 ppm.

Oxides of Nitrogen and Nitric Acid. NO2 gas was detected at

a contamination level of 6 ppm with a number of cholesteric liquid

crystal materials. In the presence of water vapor in the atmosphere, 102

will form HNO3 . Since water vapor generally occurs in the atmospher, a
3.

detector was devised to react to HM 3 at a concentration level of 8 ppm.
Gas Mixtures. Soe of the gases studied if mixed in the

atmosphere would react with each other, e.g., hydrazine and HC1. However,

mixtures of a number of these materials are possible. In principle, the

detection of mixtures presents no problem if the liquid crystal reacts

to only one group. For instance, the detection of P02 in the presence

of HCI is not a problem. On the other hand, detection of mall mounts

of NCI in the presence of large mounts of rO2 is not quite so simple.

To decrease the reactivity of the HCl detectors to NOV' further

investigation is required.

UDNH and N will not interfere with any of the other reactive

materials. 102 will in some cases react with the detector matrix, so the
detection of UDLI & HH in the presence of N02 is a problem. However,

the chance of finding UDM or HH with N02 is extremely remote due

to the formation of nitric acid in the presence of water vapor follovsd
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by the rapid decomposition of the RH or UDW. NO2 can be detected and
identified even when other gases are also present.

Quantitative Analysis. The feasibility of quantitative and

qualitative tests has been demonstrated using cholesteric liquid crystals.

It is recisnended that experiments be carried out with these materials to

establish a standard set of exposure techniques with controlled motion of

the contaminant atmosphere across the detectors to obtain a set of

quantitative calibrations. These calibrations should also be established

as a function of temperature.

Life of Detectors. We believe that the life of these detectors,

vhen kept away fro reactive materials in the atmosphere and protected

fro sunlight, will be indefinite at any temperature up to the boiling

point of the solvent. Hwever, extensive life tests should be made.

When these materials are exposed to the atmosphere, their life may be

expected to be very limited due to traces of reactive gases. Hence care

must be taken in storage.

&xtension to Other Gases. Prom the results of this program,

it appears that many other gases and vapors can be detected at low

concentrations using this important new technique.
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Appendix I

BACIKROUND I1FORMATION ON LIQUID CRYSTALS

I.1 INTROUCTION

The cholesteric phase represents a unique situation in nature.

In this phase a highly colored material does not absorb incident radi-

ation but transmits and scatters light selectively. The colo a are not

dependent upon specific electronic arrangements in the materi is like

more familiar dyes but, instead, are dependent on such things as steric

factors, (molecular shape) and dipole arrangement. Thus materi.ls

which exhibit liquid crystal properties may be affected by a difference

in carbon chain length or by the position occupied by a methyl group.

The unique properties of this material allow it to oe used In a new

analytical technique. Such relations as Beer's law do not hold when

two materials are mixed. The materials do not give two color peaks but
0

only one which represents the net effect of the moleculee in the system.

As a result, this average effect allows us to arrive at color effects

for reactions which involve non-colored reactive materials. The degree

' the change in the optical properties of the liquid crysta represents

the magnitude of these reactions.

Our general approach to the problems of developing a liquid

crystal gas detector is to choose a class of compounds that will react

with the gas and which can be incorporated into a suitable liquid

crystal.

1.2 OPTICAL "FFMCTS
The cholesteric phase was the first liquid crystalline state

observed. The discovery vas in part due to Its unusual optical proper-

ties. Like most crystalline materials, it acts as a birefringent,

material. However, at that point the resemblance ends. The optical
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properties may be summaized as follows: (1) The cholesteric struc-

ture is uniaxial and optically negative while other liquid crystal

structures are optically positive; thus, for the cholesteric phase,

there is a single optical axis normal to the surface along which the

index of refraction has a minium value. (2) The cholesteric struc-

ture is optically active with rotary powers many times that of comon

optically active materials. The plane of linearly polarized light is

rotated through an angle several hundred times that of the usual

optically active materials, such as sucrose or optically active quartz.

(3) When illuminated with white light, the cholesteric structure

scatters the light to give an iridescent colr, which varies with

substance, temperature, and angle of the incident beam. (4) The

cholesteric structure is circularly dichroic for some wavelength

region, that is, one circularly polarized coponent of the incident

beam is transmitted without attenuation, whereas the other is scat-

tered. Either the right or the left hard circular polarized component

may be affected.

These optical properties depend on a delicately balanced

molecular arrangement. A change of shape or dipole maceat or any

other disturbance which interferes with the weak forces between mole-

cules results in a dramatic change. Reflection, transmission bire-

fringence, circular dichroism, and optical rotation, all undergo

marked transformations.

No complete theoretical treatment of the optical properties
1 2of the cholesteric state is available, but Oseen I and deVries have

considered these optical properties for normal incident light. The

latter used as a model, a number of birefringent planes, each contain-

Ing its own optical axis and each displaced a little fro the plane

Imediately below it as shown in Figure 1.1. The various optical axes

represented by the arrows describe a helical structure with pitch equal

to the wavelength of light scattered at normal incideL-e. Unfortunately,

the usefulness of this model is severely limited, since It explains

only the effects of normal incident light.
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Figure 1.1 S chem~atic representation of helical modelI
of the cholesteric phase.
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I 1 3 MOLECULARI STRUCTU R1Z

Early in the liquid crystal progran it was discovered that

Cases, liquids and solid3 can affect the structure of the cholesteric

liquid crystals so that one or more of the optical properties are per-

ntanently or tem.orarily changed. By utilizing this general principle,

an entirely new mode of analysis has been developed. The program with

RADC is concerned with chemical reactions which are not reversible.

Changes occur in the optical properties of the liquid crystal upon

exposure. These measured or observed optical effects are a function

of the total exposure time as well as the concentration of the gas to

be detected. In order to predict the effects of any one of the gases

and how they will affect a specific cholesteric liquid crystal, a

review of the effect of molecular structure is necessary.

'The cholesteric liquid crystal state is primarily associated

with the derivatives of sterols. Although cholesterol does not itself

exhibit a liouid crystalline phase, an examination of the structure

described by various investigators3 explains the formation of this

phase. To understand the structure of cholesterol, the tetrahe'ral

bond angles of carbon should be visualized. See Figure 1.2.

If the methyl groups at Clo and C13 are visualized as pro-

jecting out of the plane of the paper, the side chain at C1 7 and the

hydroxyl group at C will also project above the plane of the paper

while the hydrogen atoms which are shown with a dotted bond line

project below the nlane of the paper. The result is a molecule which

has a broad flat configuration that may be visualized as zigzagging

through the plane of the paper with one edge relatively smooth and

one edge roughened by the side chain.

As one of the ways of determining the effect of molecular

structure on the chalesteric phase, experiments were performed in

which the general planar configuration of the molecule was altered.

This was done by saturating the double bond at C If cholesterol is

hydrogenated, the hydrogen at C projects down and the gener.l plane

of the molecule is preserved. This copound is also found associated

80



H3C CH 2  ,,CH 2  CH 3

C H (20) (23) (25) 45..-o o H  i, ,
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Figure .2 - The structural formula of cholesterol.4
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with cholesterol and is called cholestanh. e cholesterol-derived

cqpound vhich has the hydrogen at C prijecting out of the plane is

called coprostanol and in one of the elIination products of animals.

In this case, the A ring in bent into the plane of the paper giving

almost the effect of a book. All of the cholestanol copounds studied

have a cholesteric phase vhich is optically indistinguishable from the

phase formed y cholesterol derivatives. These derivatives include

cholestanyl b nzoate, cholestanyl nonanoate, cholestanyl acetate, and

cholestanyl d hydrocinnamate. no, no coprostanol compounds have

been found which exhibit a cholesteric phase

The importance of the planar sructure of the cholesteryl

molecule in forming the cholesteric liquid crystal may be further con-

firmed by observing the cholesteryl esters of the oega-substituted

phenyl-alkyl-monocarboxylic acids. These esters, listed in Table 1.1

Table 1.1 -- Varying Chain Lengths and Cholesteric Phases of
Cholesteryl Esters

Number of
Cholesteryl Ester Carbon Atoms Phases

Benzoate 0 Cholesteric at melting
point--red scattering

Phenyl Acetate 1 No cholesteric phase

HFdrocinnamate 2 Cholesteric phase--green
at melting point

Phenyl Butyrate 3 No cholesteric phase

Phenyl Valerate i Cholesteric phase--blue
at melting point

Phenyl Hexanoate 5 No cholesteric phase
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have the following configuration:

n

These eaters were prepared from the acid chlorides and cholesterro.

The acids became increasingly difficult to obtain as the number of

carbons in the alkyl side chain was increased. Cholesteryl benzoate

and the esters containing an even number of carbon atoms in the sub-

stituting alkyl chain of the original acid chlorides, all exhibit a

strong cholesteric phase. By examining the configuration of choles-

teryl benzoate, it was apparent that the benzene ring continues the

planar configuration of the cholesteryl ring. This conclusion became

more evident upon examination o.& Taylor-Hirschfelder atomic models.
The repetition of the results indicated that the alkyl chain is proba-

bly extended, for if it were randomly arranged, it should have made no

difference whether the benzene ring was removed from the cholesteryl

ring system by an odd or an even number of carbon atoms.

1. 4 (PERATURE JEASURDEKNT

The measurement of the temperature dependence of the chol-

esteric colors has been of great benefit in the study of the various

effects of molecular structure. To make this measurement, an *ainum
block has been attached to a thermoelectric unit. See Figure 1.3.

The block can be cooled or heated so that a wide range of toeWatures
is available. The temperature of the block can be measured by a

thermocouple or it can be recorded on the y axis of an x-y recorder

using an enclosed thermistor. In operation, a film of liquid crystal

is placed on a thin Mylar film in intimate contact with the bleck and

illuminated with a gas discharge lamp. The reflection frol the liquid

crystal is monitored using a photcmltiplier. The output of the photo-

multiplier is recorded as a function of temperature on the recorder.
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Figure 1.3- Apparatus for measuring the temperature sensitivity
of cholesteric liquid crystals.
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Purt Choleteryl Nonanoae
9 SCholesteryl Hiydro clnnamate, M0S Cholesteryl Nonanoete

02D% Ctiolesteryl Butyrate. WS Cholesteryl Nonmnoate
&20% Cholestery Proplonate, 80% Cholesteryl Nonanoate

9 2MS Cholesteryt Chloride, WS% Cholesteryt Nonanoate
1 2D% Cholesteryl Acetate, W0% Cholesteryl Nonanoate
0 20D% Cholesteryl Methyl Carbonate, W0% Cholesteryl Norianoate
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Figure 1.5 - Temperature as a function of wavelength for a number
of cholesteric materials added to cholesteryl

noaoae
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The discharge lemps have specific wavelengths of maximum intensity

which are recorded as peaks on the x-y plot. The temperature at

which these peaks occur give sufficient information for a temperature

vs dominant wavelength plot. See Figures 1.4 and 1.5.

The first use of this apparatus was to determine the effect

of changes in structure when they involved only a small percentage of

a mixture of cholesteric materials. Cholesterol nonanoate was used

as a standard material and a number of both derivatives of cholesterol

and fat soluble materials were added to it. Unless otherwise speci-

fied all percentages given in the appendices are by weight. In

Figures 1.5 and 1.6 we see the effect of adding cholesterol esters of

differing chain length. In this case one observes the shift in ten-

perature sensitivity as a function of chain length. A change in

chain length is readily identified by a change in the slope of the

temperature vs wavelength curve. In Figure 1.6 we see the results of

adding derivatives of cholesteryl which vary either in the position of

carbon atoms, as in the case of the cholesteryl butyrate and the

cholesteryl isobutyrate, or in the number of hydrogen atoms as in the

case of cholesterol butyrate and cholesterol crotonate. In all cases

a clear and distinct difference is seen in the temperature vs wave-

length characteristic. Note that not only are the four curves

displaced vertically with respect to each other, but at any wavelength

they have significantly different slopes. This is illustrated by

Figure 1.7. In Figure 1.8 we see the effect of the addition of

various oil soluble materials to a mixture of 80% nonanoate cholesteryl

and 20% propionate. In this case we do not see as distinct a change

in the slope of the temperature vs wavelength curve as we do in the

temperature displacement. From this data, it becomes clear that there

are two distinct identifying features which might allow for the recog-

nition of a change in structure in the cholesteric phue, and which

would be recognizable as a change in color at a particular temperature.

One is a change in slope of a temperature vs wavelength curve and

another is a translation of the temperature versus wavelength curve.
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Figure 1.6 - Temperature vs wavelength of four closely related
materials added to cholesteryl nonanoate.
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Figure 1.8 - Temperature vs wavelength for liquid crystal material
containing several oil soluble additives.
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In many cases we would expect that both of the above effects would be

operative. Thus, a reacti'.e material may: (1) change the structure

of some constituent of a liquid crystal, (2) remove from a liquid

crystal some constitue,.t which strongly affects its temperature vs

wavelength characteristic, or (3) change the composition by the cata-

lysis of a reaction. In the following discussions it will be shown

how all of these effects were used to detect and discriminate between

various types of vapors.

1.5 TEMPERATURE SENSITIVITY IN GAS DETECTION

In the preceding section the temperature sensitivity was

seen to be sharply dependent on the type of additive to the liquid

crystal material. In Figure 1.5 the material containing cholesteryl

acetate is much less sensitive than the material containing cholesteryl

propionate. By finding the proper additive, the temperature sensitivity

of liquid crystal systems can *e greatly decreased. An example of a

stable additive which accomplished this purpose is cholesteryl chloride.

In Figure 1.9 the temprature vs wavelength curves are plotted for

several different mixtures of cholesteryl chloride in cholesteryl no-

nanoate. In a large temperature region (50"C), the 25% cholesteryl

chloride is temperature insensitive. In this range c iange in per

cent of cholesteryl chloride is very easily seen as a clange of color.

Any material which acts similar to cholesteryl chloride ay be expected

to behave in the same way. Examples of materials in th4 category are:

cholesterol, cholesteryl bromide and, to a lesser degre, cholesteryl

chloroformate. Table 1.2 gives the changes in color for various polar

and non-polar solvents. The effect of polar solvents is a shift to the

red, while the addition of a non-polar vapor shifts the color toward

blue. However, in some instances there is a tendency not to change the

color at all (note the effect of trichloroethylene at 20%). This indicates

that we might expect some materials which, when added, will not appre-

ciably change the color of the liquid crystal. It has been found that

materials which have strong effects on the slope of the tenperature vs

wavelength curve tend to have a strong effect on this system vhile
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He U. V. He Blue He Green He Yellow He Red

80 Cholesteryl Nonanoate
20% Cholesteryl Chloride
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770 Cholesteryl Nonanoate
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low temperature sensitivity)

Wavelength, A
Fi e 1.9 - Temperature charac olester o oyl chloride and

cholesteryl nonanoate mixtures in various proportions.
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Table 1.2 - Response of Liquid Crystals to Various Solvent Vapors.

Cholesteryl Cholesteryl Cholesteryl Original Solvent
Chloride Nonanoate Oleate Color Vapors Changed to

15% 80% 5% Red Acetone 3lue
Benzene Blue
Chloroform Blue
Trichloro-
ethylene Blue

Methylene
Chloride Blue

Petroleum
Ether Blue

20% 80% Green Benzene Blue
Chloroform Red
Trichlcro-
ethylene go change

Metbylene
Chloride Red

Petroleum
Ether Blue

25% 75% Yellow- Benzene Deeper red
Red Chloroform Red

Trichloro-
ethylene Deeper red

Methylene
Chloride Red

Petroleum
Ether Blue

30% 70% Red Chloroform Deeper red
Methylene
Chloride Deeper red

PetroleumIther Blue

* 93



additives, whose main effect is to change the temperature at which the

effect occurs, do not change the color greatly. In this category are

many of the materials derived fra Aleic acid. A change in the molec-

ular structure of these materials will have a much stronger effect on

the temperature at which a color occurs than on the shape of the tem-

perature vs wavelength curve (Figure T.h). Tis is not generally

true of most reactive derivatives of cholesterol which may produce

substantial changes in the shape of the temperature vs wavelength

curve (Figure 1.5).
In most cases the effect of a particular material on a tea-

perature insensitive liquid crystal to which it is added may be

obtained by examining a temperature sensitive system. In addition, a

material which is temperature sensitive gives much more information

concerning the effect of additives than a temperature insensitive

material. Thus, the order of experiment has been: (1) to determine

a reaction which will occur in liquid crystal systems, (2) to incor-

porate this reaction into a material which will form a temperature

sensitive liquid crystal suitable for measuring the effects of this

reaction, (3) to determine which of the materials is most suitable

for spot testing.

1.6 TCT OF THICKNESS
In this study the thickness of the liquid crystal vas main-

tained at as near 25 a as possible. The variation of thick-neon of
film is important for several reasons:

(1) The brightness varies with thickness. The equation for

the scattering is of the folloring form:

Ir =I -e(0t)f(%'T

Ira 10

where t - thickness

I - the intensity of the reflected light

10 a the intensity of the incident light
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e a the natural logarithmic base

a Beer's Law constant for the material which is about 5 x 102

cm 1 for most liquid crystals

f(%,T) - a gaussian function of the waelength and temperature for

any specific material

When two materials are mixed together the effect is usually to alter

0. However, in the liquid crystal case, the f(X,T) is altered with

respect to T.

(2) The diffusion rate of a gas into a material is a func-

tion of thickness; the thicker a sample the longer the diffusion path

and thus the slower the reaction procedures and the greater the quan-

tity of the reactive gas needed. The quantity of gas needed to give

a signal increases directly with the thickness of the film and the

rate of reaction varies inversely with the square of the thickness.

Considering both factors, for any detectors there will be

an optimum thickness for any gas concentration and exposure time. To

obtain a film of liquid crystalline material of the desired thickness,

the materials were weighed and dissolved in a petroleum ether-chloroform

solvent system (this was subject to variation depending on the type of

materials used). A 7 to' 1 volume ratio of solvent to material was

maintained. In practice, this gives approximately a 2 5u film when

cast on Mylar (as determined gravimetrically). In practice, a film

7 to Bu might be desirable in order to increase the sensitivity, but

a thinner film would not be suitable because of a lack of brightness.
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Appendix II

CHEMICAL PREPARATION OF MATERIALS

Unless otherwise specified all reactions were performed in a

3-necked flask fitted with ground glass joints and equipped with a

stirrer, addition funnel, reflux water condenser, and drying tubes.

Heat was applied by means of a variac controlled heating mantle. In

those instances where some of the starting materials and/or the end

products were subject to atmospheric oxidation, the reactions were

performed in a dry nitrogen atmosphere maintained by means of a nitro-

gen delivery tube. This delivery tube (sparge tube) was placed so that

the end of the tube was always be!zw the liquid level in the flask.

All solvents used were of highest purity or were freshly distilled.

All melting point determinations were made in capillary tubes

and are reported uncorrected. To facilitate depicting structural for-

mulations for the following materials, the cholesteryl moiety will be i
shown as

(1) Cholesteryl Chloroformate

0

c 4 5 -o- C-Cl

Phosgene gas (COC 2 ) wan slowly bubbled through a solution of 250 g of

cholesterol (Merck & Co.) dissolved in 2500 al of anhydrous ethyl

ether. After 8-10 minutes a white precipitate started to form,, oter

an additional 20 minutes the precipitate started to dissolve, and after

10 minutes more the entire content of the flask was in solution. the

phosgene delivery was discontinued and the reaction mixture was allowed

to stand for 2-1/2 hours with continual stirring. The ether was re-

moved by vacuum distillation and the white crystalline residue was L
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washed with acetone and recrystallized. Fine, white needles were ob-

tained melting at 18.5c (from acetone).

7 (2) Cholesteryl Oleyl Carbonate

0
oC 5 - 0-c - 0 - ( H

To chlesteryl chloroformate (224.6 g, 0.5 mole) dissolved in 4W al

of dry benzene was added, a drop at a time, a solution of 136.9 g

(0.51 moles) oleyl alcohol (Archer-Daniels-Midland) and 29.6 g (0.50
moles) freshly distilled pyridine dissolved in 200 ml dry benzene.

A slight exotherm was noted during the addition. After complete

addition, the contents of the flask were heated to and maintained at

the temperature of reflux for 1 hour. After cooling the solution was

filtered and methyl alcohol added to the filtrate until further addi-

tion caused no turbidity. By means of a separatory ft.nnel the oily

layer was removed and washed repeatedly with methanol until a liquid

crystal color temperature of 21.0C to 22.5*C was obtained.

(3) Cholesteryl Crotonate
O
II

C2 7 o45 -0 - C" 3

27 a benzene (250 ml) solution of 96.6 g (0.25 moles) of cholesterolIand 20.6 (0.26 moles) of pyridine, was added, dropwise, 27.2 g (0.26

moles) of crotonyl chloride dissolved in 35 ml benzene. A strong

exotherm resulted. After cooling the mixture and filtering, methanol

was added to the filtrate. The solid precipitate that formed was

washed with alcohol and then recrystallized from ethanol to give white

crystals which started softening at 90*C and were completely molten at

103*C. These results are in accordance with values fotmd in the

liteature.
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*1 (14) Cholesteryl Nonanoate.

0II
C2 7H4 5 - 0 - C - (

To 463.9 g (1.2 moles) cholesterol and 200.0 g (1.13 moles) nonanoyl

chloride dissolved in 950 ml benzene, was added, dropwise, E9.4 g (1.13

moles) pyridine dissolved in 100 ml benzene. An exotherm was noted.

After complete addition the reaction mixture was heated to and maintained

at the reflux temperature for 1.0 hour, cooled, and then filtered. The

filtrate was treated with methanol to obtain a crystalline product which

when recrystallized from acetone had a melting point of 79.3 - 80*C

and a clearing point of 91.8' - 92"C.

(5) Cholesteryl p - Aminohenyl Carbonate.

0II
C2H45 - 0 - C - 0 - C6% - AH2-(p)

A heterogeneous solution of 7.28 g (0.05 moles) p - sinophenol hydro-

chloride and 22.4 g (0.05 moles) cholesteryl chloroformate in 150 ml

benzene was refluKed for 1 hr. A solution of 7.9 £ (0.1 =lea) pyridine

in 20 al benzene was added dropwise with the effect that the insoluble

p - mninophenol hydrochloride dissolved and the insoluble pyridine

hydroc'loride formed. After c=plete addition, reflux was continued

for an additional 2.0 hoarx. The filtrata was cooled, filtered, &r.d

treated with nethanol. The product obtained was recrystallized frm

acetone and had a melting point of 223"C.
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(6) Cholesteryl Phenylbdrazine.

yC 2 A, 7  H2  C27%5 M NHI
C6 !!, C6 !!,(a) (b)

The structure of this compound has not been completely elucidated as

to whether it is (a) or (b). The older literature prefers structure

(a). A mixture of 8.1 g (0.02 moles) cholesteryl chloride (Aldrich

Chemical Co.) and 25 ml phenylhydrazine was heated to and maintained
at reflux temperature for 2.5 hours. After cooling, the solid re-

action mixture was treated with benzene to dissolve the product and

filtered to remove the phenylhydrazine hydrochloride salt. The

filtrate was treated with methanol to obtain a solid material which

when recrystallized from benzene and washed vith methanol had a

melting point of 198 - 199°C.

(7) N-holestorylaniline.

C2 A5 - 1W - C6 !!,

A mixture of 8.1 g (0.02 moles) cholesteryl chloride and aniline

(25 ml) was heated to and maintained at reflux temperature for 2.5

hours. After cooling, benzene was added to dissolve the product and

the aniline hydrochloride salt was removed by filtration. The fil-

trate was treated with methanol, and the solid obtained was recrystal-

lized from a benzene/methanol mixture to give crystals melting at

189-1900C.
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(8) Cholesteryl p - Phenylaz2ophenyl Carbonate.

0II
c275 - 0o - 0 - - N - N -C6 A (p)

A flask was charged with 22.5 g (0.05 moles) cholesteryl chloroformate,

10.0 g (0.05 moles) p - phenylazophenol, 3.9 £ (0.05 moles) pyridine,

and 150 ml benzene. The reaction mixture was heated and maintained at

reflux temperature .for 2.0 hours and then cooled, filtered, and the

filtrate treated with methanol. The product obtained was recrystal-

lized from benzene/methanol solution and exhibited a melting point of

166 - 167.5C.

(9) Cholesteryl 3- (I-Pyridyl) -Propyl Carbonate.

0

CA5 - 0-C -0- CH2 CH2CH2 - C51% ( )

To 6.86 g (0.05 moles) 4-pyridine propanol dissolved in acetone, was

added,,dropwise, concentrated hydrochloric acid until addition no longer

produced any turbidity. The oily layer that formed was separated and

washed repeatedly with acetone and then subjected to a vac im to remove

the acetone. This product, 4-pyridine propanol hydrochloride, was

charged in a flask along with 3.9 £ (0.05 moles) pyridine and 150 al
benzene. The heterogeneous system was then, dropwise, treated with

22.A g (0.05 moles) cholesteryl chloroformte dissolved in 50 al
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benzne. A slight exotherm was noted as well as a change in the color

of the solution (reddish orange). The reaction mixture was maintained

at reflux temperature for 2.0 hours, cooled, filtered, and the filtrate

washed with a 5% sodium carbonate solution. The benzene solution was

treated with methanol and a material was obtained which started to

melt at 100°C but did not clear until 107°C.

(10) Cholesteryl Terephthalyl Chloride.

0

• EI 5 - 0 - C - (LcC
C- Cl

To 20.3 £ (0.1 mole) terephthalyl chloride dissolved in 175 ml benzene

was added dropwitee, 38.6 g (0.1 mole) cholesterol, and 7.9 g (0.1 mole)

pyridine dissolved in 150 ml benzene. The mixture was reacted at

reflux temperature for 1.0 hour, cooledp filtered, and the solvent re-

moved from the filtrate by means of reduced pressure. This product

exhibited a melting point of 161* - 1644c.

(1) Cholesteryl Isophthalyl Chloride. 0

C - Cl

T 20.3 £ (0.1 mole) isophthalyl chloride dissolved in 125 ml benzene,

was added dropwisS 38.6 g (0.1 mole) cholesterol and 7.9 £ (0.1 mole)

pyridine dissolved in 125 ml benzene. The mixture was reacted at re-

flux temperature for 1.0 hour, cooled, filtered, and the solvent was

removed from the filtrate by means of reduced pressure. The product so

obtained was an oil.
i (12) Ch~ole'teryl Phthalyl Chloride. 0I

0

C2 7 H 14 -o-c II
SC-Cl

To 20.3 g (0.1 mole) phthalyl chloride dissolved in 125 al benzene, was
added dropwise, 38.6 g (0.1 mole) cholesterol and 7.9 g (0.1 mole)
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pyridine dissolved in 125 ml benezene. The mixture was reacted and

the product isolated in the same manner as described above (11), to

obtain an oil.

0
(13) Oleyl Terephthalyl Chloride. 11

C18H35 0 C

- C Cl

0
To 20.3 g (0.1 mole) terephthalyl chloride dissolved in 125 al benzene,

was addedtdropwise, 26.9 g (0.1 mole) oleyl alcohol and 7.9 g (0.1 mole)
pyridine dissolved in 100 .l benzene. The reactiorn mixture was heated

to reflux temperature and the teuprature maintj d for 1.0 hour, and

then cooled, filtered, and the solvent removed f ow the filtrate by

means of reduced pressure. The product obtained was an oil which

slowly crystallized on standing.

~O
(1) oleyl IsohthMyl Chloride. IIc8H35 -o-C

C1

The same quantities of reactants (except for the replacement of

terephthalyl chloride with isophthalyl chloride) and solvent were used

as described in the previous preparation. The product, an oil which

did not crystallize on standing, was obtained by 'the same procedures

as outlined above (13).

(15) Oleyl Phthalyl Chloride. 0
C18H35 0 C

The same preparative procedures were used in this preparation as in

(13) above with the exception that phthalyl chloride was used in place

of terephthalyl chloride. The end product was an oil which did not

crystallize on standing.
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(16) Cholesteryl p-Methylol Benzyl Carbonate.
0II

CA 5 - 0 - C - 0 - CH2 - C6A - CK2OH (P)

To 22.5 g (0.05 mole) cholesteryl chloroformate dissolved in 75 al

benzene, was added, a mixture of 6.85 g (0.05 mole) p-dtaethylolbenzene

and 3.9 £ (0.05 mole) pyridine dissolved in 200 al benzene. When the

reaction mixture was heated, the dissolved p-dimethylolbenzene became

soluble. The solution was refluxed for 1.0 hour and then allowed to

col. The product was not isolated but was used (in solution) for the

following preparation.

(17) Cholesteryl (p-Metbylene Chloroforuate) - Benzyl Carbonate.
0 0II II

c 27% 5 -o -C -o -CH C% -CH -o -C -Cl (P)

Continuing from the preceding preparatio.. ,A6), the reaction flask was

equipped with a gas delivery tube extending below the surface of the

olution. Phosgene gas (co1 2 ) was passed into the flask at a rate of

approximately 0.2 liters per minute for a period of 15 rinutes. At the

end of this period gas delivery was discontinued and the entire contents

of the flask were refluxed for 1.0 hour. The reaction mixture was

cooled, filtered, and the solvent removed using a reduced pressure.
The solid that remained was washed with acetone several times. This

crystalline material started melting at 171*C and was copletely molten

at 175"C.

(18) Cholesteryl-4-Pyridyl Acetate.

0

C 5 - o - C CH2 - C5 HN (4)

To 15.5 g (0.04 mole) cholesterol in 75 ml xylene, was added, 7.0 g

(0.0 mole) 4-pyridine acetic acid hydrochloride in 30 al of x.rlene,

and then 1 g of p-toluenesulfonic acid was added. The reactants were

refluxed for 7.5 hours. The solvent was rewoved by vacuum
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distillation and tte solid product that was obtained was recrystallized

from methanol, m.p. 148 - 1490C.

(19) Cholesteryl 3-(4-Pyridyl)-Propyl Ether.

-0 - CH CH CH2 -( 5 4-)

A flask was charged with 20.5 g (0.15 moles) of -pyridyl-l- ... .
propanol, 38.6 g (0.10 mole) of cholesterol, 90 g of activated Floridan
Clay and xylene as the solvent. A nitrogen atmosphere was continuously
maintained during the reaction. The reactants were refluxed for 2.0

hours. After cooling and filtering, methanol was added to the filtrate i
and a product was obtained. This product was found to be unreacted
cholesterol, m.p. 147" - 1489C alone and when mixed with an authentic
sample. OaLy a minute amount of a solid material believed to be the
decired product was isolated. It was used as obtained and was not

purified further.

(20) Cholesteryl 4-Pyridylmethyl Carbonate.
0

CH5- 0 -C - 0 - CH i5,N-
To 67.38 (0.15 mole) cholesteryl chlzrofYrmate dissolved in 125 ml
benzene was added a drop at a time a solution of 16.35 9 (0.15 mole)
4-pyridyl carbinol and 18.2 g (0.18 mole; 20% excess) triethylamine
dissolved in 125 al benzene. (Note: the carbir.ol was not completely

soluble.) During the addition the solution became red in color and an
exothera was noted. Another 100 al of benzene was added to decrease
the viscosity of the solution which was then reflxed for 1.0 hour.
Some difficulties were encountered trying to isolate and purify this
product. Xt was u.-ed in this impure state as a test reagent. Since
the results were not encouraging, no further purification was attempted.

(21) O Amine.

CH (CH 2 7CH-CH(CH, ) QLyr
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Thit material was obtained from Armour Chemical Co. as Armsen OD. It

was not used as such but vacuum redistilled. The material that came

off at l26* at 0.06 m pressure was labelled and used as oleyl amine.

(22) Cholesteryl p-Nitrobenzoate.
0Ii

C27%5 - 0 - c - CA - N02 (p)

To 293.8 g (0.76 mole) cholesterol and 59.3 a (0.75 mole) pyridine

disslved in 500 al benzene, wax added, dropvise, 139.2 g (0.75 mole)

p-nitrobenzoyl chloride dissolved in 40 al benzene. A strong exothers

resulted during the addition. The mixture was refluxed for 2.0 hours,

the hot solution was filtered and then allowed to cool. A tan crystall

solid was obtained which was recrystallized from methyl cellosolve

(ethylene glycol monomethyl ether). The recrystallized solid was pale

yellow in color and melted at 190 - 191C.

(23) Cholesteryl p-Aminobenzoate.
0
II

C2 %5 - 0 -C- C6H4 - 1%2(p)

The cholesteryl p-nitrobenzoate prepared above, (22), was used for this

preparation. Thus, to 6 g of the p-nitro derivative in 80 al glacial

acetic acid was added 3.5 g of 100 mesh iron filings. The mixture was

boiled under gentle reflux. The solution vent from colorless to dark

brown during the first half-hour, and after 1.5 hours all of the p-nitro

compound had dissolved. Reflux was maintained for a total of 2.5 hours.

The solution was transferred to a beaker and allowed to cool (crystal-

lized). The entire contents of the beaker were repeatedly washed

with 1 N hydrochloric acid until the washings were colorless, and then

with water until the washings were neutral to litmus. The solid so

obtained was recrystallized twice from boiling amyl acetate to give

large tan needles with a melting point of 238 - 2390C.
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(2) Oleyl Isonicotinate.
0* II

C18 H35 - 0 - C - C5H4 (4)

To 20.5 g (0.17 mole) isonicotinic acid, was added, 80 ml (excess) of
thionyl chloride (SOC1 2 ) and the mixture refluxed for 2.0 hours. At
the end of this period, the flask was set up for a distillation, and

the excess thionyl chloride removed by distillation. The reflux con-
denser was returned to the flask which now contained isonicotinoyl

chloride. After adding 100 ml of benzene to the flask, 91.5 g (0.31

moles) of oleyl alcohol dissolved in 100 ml benzene was added dropwise.
During the addition the reaction flask was kept in an ice bath. After
the addition was completed, the flask was allowed to warm up and then
heated and maintained at reflux temperature for 30 minutes. The

contents of the flask were cooled, treated with 250 ml of a 20% sodium
carbonate solution for 15 minutes, transferred to a separatory funnel,

and the aqueous layer discarded. The benzene phase was washed with
water and dried over Drierite. The solvent was distilled and the
residue fractionally distilled. In this manner oleyl isonicotinate

(b.p. 190 - 193"/O.11 mm and 179 - 1820/O.06 mm) was obtained.

(25) Oleyl Nicotinate.
0
II

C18 35 - 0 - C - C5 , (3)

Nicotinoyl chloride (17.8 g, 0.1 mole) was dissolved in 150 ml benzene
and the flask cooled in an ice bath. Oleyl alcohol (26.8 g; 0.1 mole)
in 100 &1 benzene was added dropwise. After complete addition, the
reaction mixture was heated to, and maintained at, reflux for 2.0 hours.
The reaction mixture was cooled, treated with 150 a1 of 20% sodium
carbonate solution (added slowly), transferred to a separatory funnel,
and separated. The benzene layer was distilled at atmospheric pressure
to remove solvent and then under reduced pressure to obtain the oleyl
nicotinate, b.p. 191*C/0.07 m. Hg.
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(26) Oleyl Isonipecotoate.

.C18H 5 - o c5 , oN N (14)

This material was prepared in a mannermsimilar to that used in the

preparation of oleyl isonicotinat (24). Thus, 20.5 g (0.16 mole)

isonipecotic acid, 80 ml (excess) thionyl chloride, and 42.7 g (0.16

mole) oleyl alcohol were used in this preparation. Vacuum distillation

resultled in obtaining oleyl isoni ,ecotoate, b.p. 130"C/O.1 m.Eg.

(27) Cholesteryl Isonicotinate.

Ca9 45 - 0- C H-C 4N (4)

As in the preparation of oleyl isonicotinate (24), isonicotinoyl chloride

was first prepared from 20.5 g (0.17 moles) isonicotinic acid and 80 ml

(excess) of thionyl chloride. This product was then reacted with

64.3 ,(0.17 moles) cholesterol in 300 al benzene. To the flask was

added 200 ml of a 20% sodium carbonate solution, and the contents of

the flask were then separated in a separatory funnel. The benzene

phaserwas treated with methanol and the solid so obtained by filtration

was i crystallized from acetone, m.p. 172.5-- 173*C.

(28) Cholesteryl Isoni pecotoate.

0

C27 H - 0 - ;C- - -

Isonipecotoyl chloride was prepared from 20.5 £ (0.16 moles) isoni-

pecotic acid and 80 ml thionyl c loride. This product was then reacted

with 61.4 g (0.16 mole) cholesterol in 325 al benzene. Using the same

procedures as in the preparation of cholesteryl isonicotinate (27) for

obtaining the product from the reaction mixture, an oil was obtained.

Upon standing, this oil crystallized partially. Attempts to recrystallizv

this oil have been only partially successful. Usually it ees out of
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solution as an oil first and thien slowly crystallizes to give a solid

* which starts to melt at 81*C and is completely molten at 89*C.
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Appendix III

VOLITRIC DILTION APPARATUS

The volumetric dilution apparatus shown in Figure I11.1

consisted, very briefly, of a 3 cc sample chamber A connected at one

end to a manometer (B), to the gas bottle (C) and to the atmospere

(D). At the other end this sample chamber (A) is connected to a

vacuum line (E) and to a mixing volume (F) which, in turn, is con-

nected to a smaller reaction chamber (G) that can be evacuated indepen-

dently.

4i

3cc

Gas
Cylinder

Figure III.1- Volumetric dilution apparatus.
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I The test sample hoop is placed in (G) and the whole system is evacuated

to a known pressure (usuelly les than 1 - Hg) up to the gas bottle.

After checking for leaks, three-way stopcock 1 is closed and three-

way stopcock 2 is open to the manometer and the gas bottle. A known

pressure of gas is then bled into sample chamber (A); when this is done

stopcock 2 is alco closed, so that sample chamber (A) contains 3 cc

of contaminant gas at a known pressure. Stopcock (3) is rotated 180*

so It is open from (A) to (F) but closed to (1). Stopcocks 1, 2 and

are subsequently turned so as to allo atmospheria air to flush the

contaminant gas into mixing volue (F). In this manner 3 cc of gas at

any desired pressure is mixed with 9200 cc of air to atmospheric pres-

sure, yielding the desired contaminant gas/air volume ratio. The

diluted gas in volume (F), with or without a delay of five minutes,

is then m lowed to flow into the evacuated reaction chamber (G), where

the test hoop is. When pressure equilibrium between (F) and (G) is

established, the tes. hoop is exposed to the desired concentration of

contatinent gas at a pressure (usually about 570 torr) somwhat below

atmospherin pressure. The latter may be attained either by bleeding

air into (F) and repeating the procedure described above or by bleeding

air into (G) directly. In either case the contaminant gas concentra-

tion is reduced somewhat by a predictable amount. With this method,

concentrations as low as 6 parts per million have been obtained,

with even lower concentrations possible.

The ratio between the amount of detecting material spread

out on the Mylar hoop (4.25 inch diameter) and the actual amount of

W present in the tert chamber during the experiment is iarge, especially

at the low contaminant gas concentrations explored. Therefore, the
contaminant gas concentration in the test chamber decreases during a

15 minute exposure bacause of continuous reaction with the liquid

crystal materials. That is, the actual average concentration of con-

taminant gas over the duration of the test is perceptibly lower than

the initial concentration reported in each case. Therefore, the shift

in color temperature of the detecting material being investigated would

most probably be somewhat greater if the contiminant gas concentration
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were kept constant or if the ratio of reactive materiai to €ontxnant

gas were greatly reduced.

After the desired length of exposure, the sample is removed

and tested in the temperature versus wavelength measuring apparatus.

Each sample Is first tested before exposure to contaminant gas, then

exposed and tested again, the whole operation taking about 1.5 hour.
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Appendix IV

APPLICATION OF LIQUID CRYSTAL DETECTORS
.1

The r active materials delivered to the A? in accordance

with the contra:t are very sensitive to small quantities of gases which

are usually present in the laboratory atmosphere so they must be

protected frm premature exposure.

In mejing a sample for laboratory use, a thin film of the

material must be prepared on a suitable substrate. This substrate may

be any material which gives good liquid crystal alignment, but does

not react with the liquid crystal. Suitable materials are epoxy coated

metals and Mylar. Mylar is the most convenient material to use because

it is available in a wide variety of sizes and thicknesses. Any con-

venient area of detector can be used. However, if a limited amount of

contaminated air is being used for testing, the size of the detecting

area used should be kept reasonably small, because otherwise enough of

the contaminant vill be absorbed during a 15 minute exposure to appreciably

alter the concentration of the contaminant. If the area is made less

than 3 m in diameter then magnification will be required in order to

observe color changes.

The film may be put down either by casting or spraying. Each

of the materials is provided in a solvent which will allow casting of

samples. If further dilution is desired, as for spraying, a solvent

should be used. Eight parts by volume of solvent to oW part liquid

crystal will yield 2Ou to 2 5u film which is a desired thickness. The

film can be cas using an eye dropper or hypodermic syringe. To allow

the material to flow properly on the substrate, a few drops are placed

in the center of the area to be covered. After this procedure, the

solvent is allowed to evaporate. If any solvent remains the test may be
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Invalid. To spray a film the dilution of the liquid crystal is not

critical. However, the skill of the operator becomes more important.

When spraying this material, any desired shape or area may be covered

and most comercially available air guns ma, be used. The material is

usually applied in several coats to obtain the proper thickness.

The detectors may be exposed to gas at any temperature from

10C to 80"C. They may be exposed at this wide range of temperature

because the indicating reaction is not a fu.:tion of the state of the

material. The film may simply be exposed to static air that contains

the gas to be detected. However, a flow of air across the film reduces

the required exposure time.

The interpretation of the results of these tests may be

made in soe cases by directly noting a permanent change from green to

red (see the section on UEt4) at room temperature. However, to use

most of the test materials one needs to heat the reacted detector

sample and note whether it shifts color at a higher or lover tempera-

ture than an unreacted sample. Heating can be easily achieved with

electric current, a light bulb, a flame or even body heat. For quan-

titative analysis the amount of this temperature shift should be deter-

mined. Generally a pair of samples of each material should be prepared.

One is used for a reference and is covered so that it will not react

ith the contaminant. After reaction the pair are heated until one

turns red and then slowly heated further until the second turns red.

The diftference in color-shift temperature or "red temperature" is noted.

A mall change in the red temperature indicates a smell concentration of

contaminant vhile a large red temperalire shift would mean a large con-

centration of contaminant. See Table 1.1l If the "red temperature" of the

* exposed material is higher than the red temperature of the unexposed ms.
terial the color shift is said to be positive.

If accurate temperature indicating methods are not available

a :econd technioue can be employed. A pair of unexposed and mxposed

samples are heated together until the unexposed sample turns green.
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The amount and directiun of color shift of the other sample will indicate

the type and amount of reaction. See Table 1.2. If a large ccncentra-

tion of the reactive gas is present and/or if the exposure time is long,

then the exposed sample will appear black at the testing temperature.

Fox materials that exhibit a positive c itial temperature shift for

some gases and a negative shift for others, the samples will have to

be heated or cooled to determine whether the shift was positive or
ne gat ive.

n i A third technique is to use a set of nonreactive standard

materials that have temperature vs wavelength (color) characteristics

that match those of the reactive sample after exposure to various

gas concentrations. By comparing the reactive saples with these stan-

dards the amount of contazination car be determined.

Table IV.1 lists all of the samples delivered to RADC and

indicatea which gases will react with each. The color transition

temperature will shift up or down upon exposure as indicated.

Before exposure all of these materiLls have a transition temperature

of about 29"C. The st-lvent used for materials numbered 3, h, and 5 is

petroleum ether. The solvent used for all of the other sampls is

80% petroleum ether and 20% chloroform.

Two temperature inseaitive materials were also supplied. These

permanently shift color frm grecn to red on exposure to UMW or

hydrazine. The compositicn by weight is as 'Ollows:

UU i #1 2 partz Cholesteryl Ter hthalyl Chloride
7 " Oleate
1 U Chol. Jonanoate
2 " Chol. Chloride

MW'( #2 2 parts Col. Isophthalyl Chloride
7 " Cholesteryl rucyl Carbonate
1 N Chol. Nonanoate
2 " Chol. Chloride
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Table IV.l-1List of Reactive Materials Supplied

Direction of Color Shift

Matrix NO2  HF
iz+ .

Composition Detector N0 N0
Detector C_._Noocc 024 3 H• l H H DHE

1. Methyl Linoleate 60/40 3.4 down

2. Methyl Linolenate 60/40 3.4 down

3. Cholesteryl Phenyl
Hydrazine 50/50 4 up

4. Oleyl Ikonicotinate 60/40 3.5 up up

5. Oleyl Amine 60/40 3-5 up up

6. Oleyl Chloroformate 60/40 3 up down

7- Oleyl Terephthaloyl
Chloride 54/46 4 up down

8. Oleyl Isophtbaloyl
Chloride 56/44 4 Up down

9. Cholesteryl Iso-
phtbaloyl Chloride 40/60 4 down down

10. Cholesteryl Ter- first up down
ephthaloyl Chloride 3O/70 4 then down

11. Oleic Acid 60/40 4.5 small
down

C. Non. - Cholesteryl Nonanoate
OCC a Oleyl Cholesteryl Carbonate
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