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INFRARED SPECTROSCOPIC CHARACTERIZATION OF FIVE VARIANTS OF 
PINACOLYL METHYLPHOSPHONOFLUORIDATE (GD) 

 
 
 

1. INTRODUCTION 
 
 The standoff detection communities have a continuing need for data regarding the 
interactions of chemical and biological warfare agents and related materials in the infrared (IR) 
region of the electromagnetic spectrum. For liquids, the complex parameter (𝑛𝑛� = 𝑛𝑛 + i𝑘𝑘) and the 
index of refraction (where ^ in this case denotes a complex quantity, n is the real part of the 
refractive index, and ik is the imaginary refractive index) describe the responses of these 
materials to external optical (electromagnetic) fields.1 For pure materials in the liquid phase, the 
linear absorptivity coefficient, K, provides a way of identifying and quantifying those materials 
through a linear Beer’s law relationship: 

 𝐴𝐴 = 𝐾𝐾𝐾𝐾𝐾𝐾 (1) 

where C is concentration (in this case, volume fraction), L is path length, and A is absorbance 
(log10), which describes the degree to which the signal is attenuated by the contaminant.2 We 
have previously reported the vapor-phase absorptivity coefficients of various chemical warfare 
agents and related materials.3–13 The complex optical constants 

 𝑛𝑛� = 𝑛𝑛 + i𝑘𝑘 (2) 
represent the optical properties of a material in terms of how an electromagnetic wave will 
propagate in the material, where the following apply: 
 

• The value n, the real part of the refractive index, is related to the phase change 
of the applied electromagnetic field due to the interaction of light with the 
material.  

• The value ik, the imaginary part of the refractive index, is proportional to the 
degree to which the applied electromagnetic field is attenuated (via 
absorption) by the material.When not used in the form of eq 2 to denote the 
imaginary part of the refractive index, the absorption index should be 
shortened to k, in compliance with guidelines from the International Union of 
Pure and Applied Chemistry (IUPAC). In those guidances, k is defined as the 
absorption index,14 and hereafter, we use k to denote the absorption index. 

 
We have reported the complex optical constants of a number of chemical warfare agents and 
other related materials.15 
 
 Spectral libraries or databases are typically populated with spectra that were 
obtained from high-purity materials. When the library is presented with an unknown material of 
similar high purity, and a representative spectrum of the unknown is included in the library, the 
unknown material may be successfully identified using various different algorithms. If the 
optical constants of the materials were recorded in the library, the intensity of the reflected and 
transmitted light through the liquid or vapor can be predicted accurately. 
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 On the other hand, the presence of impurities in an unknown material can degrade 
the ability of a sensor to identify and quantify the unknown. In the case of a typical so-called 
“weapons-grade” chemical agent, impurities often include residual precursors, solvents, and 
byproducts of synthesis reactions. Differences in volatility between the impurities and the target 
compounds can cause large differences in the rates at which they transition from the liquid to the 
vapor phase. This means that the composition of the liquid phase of an agent (e.g., from large 
droplets on a surface or suspended aerosols) can differ greatly from that of the vaporized 
material. We have shown that in some cases, the spectral features from the impurities effectively 
mask the presence of the chemical agent or other target compound from a sensor that is 
programmed to detect only the presence of the primary target compound.12,13 The goal of this 
study was to compare liquid- and vapor-phase spectra of GD variants, from cruder “weapons-
grade” to highly purified reference-grade materials, and relate the spectra to the compositions of 
the materials. An additional goal, which was not addressed for this report, was to identify 
potential improvements in sensor algorithms. 
 
 Herein, we compare the GD spectra from five different samples, including two 
high-purity, reference-grade and three representative weapons-grade samples. 
 
 
2. EXPERIMENTAL SECTION 
 
2.1 Quantitative Vapor-Phase Fourier Transform Infrared (FTIR) Spectroscopy 
 
 The system used to acquire vapor-phase IR spectra of the GD samples 
incorporated a saturator cell technique to generate continuous vapor streams, which were 
plumbed to a multipass White cell installed in a Bruker Optics (Billerica, MA) model IFS/66V 
FTIR spectrometer. The spectra in this report were acquired with a HgCdTe detector. The 
interferograms were recorded from 15798 to 0 cm–1 with a 0.5 cm–1 resolution. Absorbance 
(log base 10) spectra were processed with boxcar apodization and were 2× zero-filled to obtain a 
data spacing of 0.25 cm–1. The instrument was equipped with a variable-path White cell. In the 
experimental data, a path length of 2.727 m was used. Data were acquired at a speed of 60 kHz 
using the HgCdTe detector. Single-beam spectra of the chemical warfare agent were compared 
with spectra of clean, dry nitrogen, and ratios were produced. Interferograms were processed 
using the Bruker Optics proprietary OPUS nonlinearity correction function. All interferograms 
were archived to enable additional post-processing of data in the event that it was needed. 
 
 The vapor-generation system and the procedures used to generate high-resolution 
vapor-phase absorptivity coefficients of target compounds are documented extensively in many 
technical reports and conference proceedings.3–11 The procedures used to acquire and process 
multicomponent spectra (i.e., from impure agents) are described in more detail in other 
reports.12,13  
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2.2 Vertical IR Attenuated Total Reflection Variable-Angle Spectral Ellipsometer 
(ATR-VASE) 

 
 Complex optical constants of the materials were measured using an IR ATR-
VASE system manufactured by J.A. Woollam Co. (Lincoln, NE). The instrument consists of an 
IR light source; an MB102 spectrometer (ABB Bomem; Zurich, Switzerland); a pair of linear 
polarizers and a compensator; a high-precision, θ to 2θ sample rotational stage; and an IR 
detector. Plane-polarized light is reflected from the sample surface to produce elliptically 
polarized reflected light. Data is returned in the form of the ellipsometric parameters Ψ and Δ. 
 
 All spectra were acquired with the ellipsometer operated in ATR mode using 
liquid cells that incorporated 45° ZnSe internal reflection elements (IREs). The cells, which were 
designed and fabricated at the U.S. Army Edgewood Chemical Biological Center (ECBC; now 
known as the U.S. Army Combat Capabilities Development Command Chemical Biological 
Center; Aberdeen Proving Ground, MD), incorporate a poly(tetraflouroethylene) O-ring to 
provide a leak-tight seal between the IRE and the cell body. Procedures for leak checking, liquid-
cell filling, and measuring and processing Ψ and Δ to generate the optical constants were 
reported previously.15,16  
 

The instrument settings and other measurement parameters are listed in Table 1. 
Some earlier data15 were recorded with the bandwidth set to 0.02 µm and the minimum intensity 
ratio set to a variable 2 to 5. Those settings smoothed the appearance of the spectra; however, 
they also varied the data spacing, generally at frequencies greater than 1600 cm–1. As a result, 
n and k spectra had to be interpolated to 2 cm–1 to be compatible with spectroscopy programs 
that prefer evenly spaced data. Setting the bandwidth and minimum intensity ratio to zero 
eliminated the need to interpolate the data. All raw data files were archived to a network shared 
drive, which enabled additional post-processing as needed.  
 
 

Table 1. Instrument Parameters Used in Ellipsometry Measurements 
Parameter Value 
Resolution 4 cm−1 

Zero fill 2 
Final data spacing 2 cm−1 
Spectra/revolution 15 

Scan/spectrum 20 
Measure/cycles/angle 10 

Bandwidth 0.0 µm 
Minimum intensity ratio 0 

Sample type Isotropic 
Input polarizer 45° with zone averaging 
RCE analyzer Single position 
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2.3 Compound Details 
 
 The symbol, names, structure, and Chemical Abstracts Service Registry Number 
(CAS RN) for GD, the chemical agent reported on herein, are listed in Table 2. Physical 
properties of the compound are shown in Table 3. The data in Table 3 were extracted from U.S. 
Army field manual FM 3-11.9.17  
 
 

Table 2. GD: Chemical Agent Studied for This Report 
Symbol Chemical Names Structure CAS RN 

GD 

Pinacolyl methylphosphonofluoridate 

P

O
O

CH3

CH3 CH3

F

CH3

CH3
 

96-64-0 
1,2,2-Trimethylpropyl methylphosphonate 

Soman 
EA-1210 

 
 

Table 3. Physical Properties of GD17 
Physical Property Value 
Chemical formula C7H16FO2P 
Formula weight 182.18 
Density at 25 °C 1.022 g/cm3 

Vapor pressure at 25 °C 5.35 Pa 
 
 

All samples were obtained from the ECBC Chemical Transfer Facility. Two of 
the five variants that were studied for this work were of Chemical Agent Standard Analytical 
Reference Material (CASARM) grade. Certificates of analysis (CoAs) were available for the two 
CASARM-grade samples. Each CoA included results of analysis by titration, nuclear magnetic 
resonance (NMR) spectroscopy, and gas chromatography–mass spectrometry (GC–MS). Two 
additional non-CASARM-grade samples were analyzed via GC–MS by Mr. Kenneth Sumpter 
(Chemistry Division, ECBC). A fifth sample, thickened GD (TGD)-U-8148-CTF-N, was 
prepared by adding thickener to the CASARM-grade lot GD-U-8141-CTF-N. To our knowledge, 
no additional analysis of sample TGD-U-8148-CTF-N was performed beyond that listed in the 
CoA for lot GD-U-8141-CTF-N. More detailed information about the lot numbers and chemical 
compositions of the variants is provided in Table 4. 
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Table 4. Lot Numbers and Chemical Compositions of GD Variants Studied for This Work 

*Only those compounds that were observed at fractions ≥0.1% (using the respective technique) are reported here. 
  

Lot Number Composition* Remarks 

GD-S-0167-CTF-N 

GC–MS (area %) 
Isopropyl isocyanate: 0.11 
Isopropyl methylphosphonofluoridate (GB): 0.14 
Diisopropylcarbodiimide (DICDI): 0.13 
GD: 94.17 
Diisopropylurea: 1.75 

Non-CASARM grade; 
compounds listed in 
order of elution on a 
nonpolar column 

GD-U-2323-CTF-N 

Titration (mass %) 
GD: 98.8  

GC–MS (area %) 
Isopropyl isocyanate: 0.1 
GB: 0.3 
DICDI: 0.9 
Methylpentyl phosphonofluoridate: 0.3 
GD: 97.6 
Diisopropyl methylphosphonate: 0.1 
Pinacolyl ethylphosphonofluoridate: 0.1 
Pinacolyl propylphosphonofluoridate: 0.1 

Multinuclear NMR (mol %) 
GD: 98.8 
Other phosphonofluoridates: 0.3 
Pinacolyl methylphosphonic acid: 0.1 
DICDI/diisopropylurea: 1.0 

CASARM grade; 
compounds found by 
GC–MS analysis were 
probably listed in order 
of elution, although this 
could not be verified 

GD-S-5134-CTF-N 

Titration (mass %) 
GD: 98.5 

GC–MS (area %) 
GD: 99.1 
GB: 0.21 
DICDI: 0.14 

31P NMR (mol %) 
GD: 99.2 
Alkyl methylphosphonofluoridates: 0.32 
Other nonchiral phosphorous: 0.25 
Other P–F acids and esters: 0.10 

CASARM grade; 
compounds found by 
GC–MS analysis are 
listed in order, from 
highest to lowest area 
fraction 

TGD-U-8148-CTF-N No additional analysis of lot was available Prepared by thickening 
GD-U-8141-CTF-N 
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3. RESULTS AND DISCUSSION 
 
3.1 Complex Refractive Index 
 
3.1.1 CASARM-Grade GD 
 

The complex refractive indices of the two CASARM-grade GD samples are 
shown in Figure 1. The n and k from the two lots were so similar that the plots are stacked rather 
than overlaid. The difference spectra (shown in the bottom row of the figure) were computed by 
mathematically subtracting each data point in GD-U-8141-CTF-N from the corresponding data point 
in GD-U-2323-CTF-N. The difference spectra exhibited little obvious patterning. The difference in 
the k spectra within the range of 2450–2350 cm–1, for example, was similar to the root-mean-
square (rms) noise in the region (0.0003–0.0004). The plot of the difference in the spectra of the real 
refractive index exhibited a small monotonic increase from low to high frequencies. Near 600 cm–1, 
the difference in n was close to zero and nearly indistinguishable from noise, whereas near  
4000 cm–1, n was 1.394 for GD-U-2323-CTF-N and 1.392 for GD-U-8141-CTF-N. 
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Figure 1. Complex refractive index of CASARM-grade GD. (Top row) GD-U-2323-CTF-N; 
(middle row) GD-U-8141-CTF-N; (bottom row) difference spectra, which were obtained by 

mathematically subtracting each data point in GD-U-8141-CTF-N from the corresponding data 
point in GD-U-2323-CTF-N. The resulting difference spectra were similar in magnitude to the 
rms noise, which for the k spectrum was approximately 0.0003–0.0004 around 2350 cm–1, and 

little patterning was evident. At 3998 cm–1, n was 1.394 for GD-U-2323-CTF-N  
and 1.392 for GD-U-8141-CTF-N. 
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As noted previously, both parts of the complex refractive index were obtained 
directly from the ellipsometric parameters in a single run. Traditional methods of measuring the 
complex refractive index of chemical agents involved using transmission spectra obtained with 
liquid cells, from which k was derived, and a Kramers–Kronig (K–K) transformation was used to 
compute n from k:18 
 

𝑛𝑛(ν𝑖𝑖) =
2
π
𝑃𝑃�

ν𝑘𝑘(ν)
ν2 − ν𝑖𝑖2

∞

0
dν + 𝑛𝑛(∞) (3) 

Although ellipsometry eliminates the need for the K–K transformation, and 
thereby also negates the need to extrapolate a value of n(∞) outside of the measured range, we 
found that a K–K transformation can nevertheless be useful for evaluating the internal 
consistency of the real refractive index that was computed directly from the ellipsometric 
parameters. Figure 2 shows plots of the real refractive index of the two CASARM-grade GD 
samples derived from Ψ and Δ, as well as n that was computed from a K–K transformation using 
n(∞) = 1.405 (reported at 589.3 nm and 20 °C, with an uncertainty of 0.002).18 The spectra of n 
that were computed from the K–K transformations were very similar to those computed from the 
ellipsometric parameters, and only a small scalar offset occurred at frequencies greater than 
800 cm–1. At 3998 cm–1 in the real refractive index of GD-U-2323-CTF-N, for example, 
n was 1.3935 versus 1.3978 for K–K, which represents a scant 0.3% difference. For GD-U-8141-
CTF-N, the difference was also 0.3%: 1.3922 versus 1.3968 for the K–K transformation. Larger 
deviations in the traces at wavenumber (ν) < 800 cm–1 are an inherent limitation in the K–K 
transformation, which must assume that k = 0 outside of the measured range. Although k is likely 
very close to zero for ν > 4000 cm–1, medium to strong absorption features are frequently 
observed for ν < 800 cm–1. This induces a rather sharp deviation in the n that was derived from 
the K–K transformation vis-à-vis the traces of n that were obtained from the ellipsometric 
parameters. The latter are not similarly affected by the lack of spectral data outside of the 
measured range. 
 
 

  
Figure 2. Values of k in the spectra of CASARM-grade GD at selected peak maxima  

are listed in Table 5. Intensities of the peaks in the two spectra were very similar, and the mean 
absolute difference was 0.0007. Values of the real refractive index at selected maxima and 

minima are shown in Table 6 and were similarly well matched. The mean absolute difference in 
the reported intensities was 0.0008.  
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Table 5. Positions and Intensities of Selected Peaks  
in k Spectra of CASARM-Grade GD 

GD-U-2323-CTF-N GD-U-8141-CTF-N 
cm−1 k cm−1 k 
750.0 0.1470 749.8 0.1473 
803.2 0.0382 802.8 0.0387 
837.7 0.2886 837.7 0.2863 
871.0 0.0480 871.0 0.0484 
918.7 0.2141 918.7 0.2145 
934.2 0.0743 934.5 0.0744 
986.5 0.2628 986.5 0.2629 

1000.0 0.2756 999.9 0.2766 
1017.5 0.5734 1017.5 0.5737 
1078.5 0.1313 1078.5 0.1325 
1117.6 0.0370 1117.5 0.0372 
1210.5 0.0271 1210.4 0.0263 
1282.4 0.3597 1282.5 0.3605 
1320.2 0.1798 1320.2 0.1792 
1367.2 0.0546 1367.1 0.0549 
1382.5 0.0574 1382.6 0.0582 
1399.0 0.0342 1398.9 0.0342 
1418.3 0.0210 1418.2 0.0211 
1464.7 0.0326 1463.3 0.0320 
1482.6 0.0455 1482.4 0.0447 
2878.8 0.0229 2877.9 0.0224 
2969.5 0.0588 2970.7 0.0609 
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Table 6. Positions and Values of Selected Maxima and Minima  
in the Real Refractive Index of CASARM-Grade GD 

GD-U-2323-CTF-N GD-U-8141-CTF-N 
cm−1 n cm−1 n 
754.9 1.398 754.9 1.395 
797.8 1.517 797.9 1.518 
830.1 1.627 830.1 1.627 
846.0 1.332 845.9 1.332 
898.7 1.552 898.9 1.551 
925.0 1.372 925.3 1.371 
981.5 1.675 981.5 1.675 

1008.4 1.635 1008.4 1.636 
1032.2 1.080 1032.1 1.081 
1074.2 1.340 1074.1 1.338 
1082.8 1.241 1082.8 1.240 
1273.5 1.551 1273.0 1.552 
1289.7 1.193 1289.7 1.192 
1315.8 1.399 1315.7 1.399 
1325.5 1.233 1325.6 1.234 
1363.8 1.351 1363.8 1.351 
1370.6 1.320 1370.5 1.320 
1378.7 1.352 1378.8 1.352 
1386.6 1.313 1386.6 1.313 
1396.3 1.343 1396.2 1.343 
1402.3 1.327 1402.3 1.326 
1414.9 1.348 1414.8 1.346 
1421.9 1.343 1422.5 1.343 
1487.5 1.326 1487.4 1.325 
2866.1 1.421 2866.6 1.419 
2884.0 1.407 2884.1 1.406 
2955.7 1.413 2956.0 1.412 
3998.0 1.394 3998.0 1.392 

 
 
  As shown in Table 4, GC–MS analysis of both CASARM-grade GD samples 
indicated that the area fractions of diisopropylcarbodiimide (DICDI) were 0.9% for GD-U-2323-
CTF-N and 0.14% for GD-U-8141-CTF-N, and NMR analysis of GD-U-2323-CTF-N yielded a 
molar fraction of 1.0% of the stabilizer in that lot. We previously measured the complex optical 
constants of DICDI by IR ATR-VASE (Figure 3). The k spectrum exhibited a very intense 
feature at 2116 cm–1 with k = 0.855, which was presumably associated with the stretch of the 
coordinated double bonds (carbodiimide) in the molecule, R–N=C=N–R.2 Because of the 
intensity of this vibration, the presence of the compound was readily observed in the k spectra of 
the CASARM-grade samples (Figure 4). The peak height of the feature in the GD samples was 
estimated to have a volume fraction of approximately 0.3–0.4%. That volume fraction was 
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roughly consistent with the area fraction (0.9%) that was identified by GC–MS and the molar 
fraction of DICDI/ureas (1.0%) that was measured by NMR. Because the CoA information for 
GD-U-2323-CTF-N was based upon instrumental analyses that had been performed in 1994, we 
consider such a close agreement to be remarkable. Based on a visual estimation of the signal-to-
noise ratio of the spectrum from the ellipsometer, the feature associated with the DICDI was 
probably too small in both samples to support a more rigorous or precise quantitation. 
 
 

  
Figure 3. Complex optical constants of DICDI. 

 
 

 
Figure 4. Imaginary refractive indices of GD-U-2323-CTF-N, GD-U-8141-CTF-N, and DICDI 

in the vicinity of the strong carbodiimide stretch. The presence of the absorption band associated 
with carbodiimide stretch in both GD samples is shown. The DICDI was scaled and offset from 

the spectra of the GD. 
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  The most recent prior measurements of the GD optical constants were made by 
researchers from Pacific Northwest National Laboratory (PNNL; Richland, WA) at Dugway 
Proving Ground, UT and were reported in 2008.18 In the earlier work, the optical constants were 
determined using a transmission method in liquid cells combined with a K–K transformation 
using n(∞) = 1.4068 (with no uncertainty given). Although the method was very different from 
that used in our work, the PNNL measurements were coincidentally made using GD-U-2323-
CTF-N. This provided us with a unique opportunity to compare two different techniques for 
obtaining the optical constant of a toxic chemical agent. Figure 5 shows the fingerprint region in 
the k spectra from the two laboratories and at 3998–601 cm–1 for the real refractive index. The 
shapes and intensities of the features in the spectra were very similar. The peak-picking 
algorithm in Grams/32 software (Thermo Fisher Scientific; Waltham, MA) was used to evaluate 
the positions and maximum intensities of the peaks in the spectrum. The positions of the 16 
strongest peaks differed by an average of only 0.26 cm–1. The mean difference in their intensities 
was 4.7%. The latter included several peaks where kmax = 0.034–0.048. The mean difference in 
the intensities of the 10 peaks with k > 0.048 was only 2.2%. Because the data spacing in the 
PNNL spectrum (nominally 1 cm–1) differed from that in the ellipsometer spectrum (nominally 
2 cm–1), it was useful to compare integrated areas rather than absolute peak intensities in the two 
spectra. Within the range of 1500–700 cm–1, the integrated intensity in the ECBC spectrum was 
56.87 versus 57.59 for the PNNL spectrum. This represented a fractional difference of only 
1.3%. The real refractive indices from the two laboratories were even more similar. The mean 
fractional difference in the values of 40 minima/maxima was a scant 0.1%. At 3998 cm–1, 
n = 1.3935 (ECBC) and n = 1.3953 (PNNL). As noted, the real refractive index reported by 
PNNL was obtained through a K–K transformation, and the difference in the ECBC and PNNL 
n values at 3998 cm–1 was smaller than the range of the literature values for n at 589.3 nm. 
 
 

  
Figure 5. Complex refractive indices of GD from ECBC (blue traces) and PNNL (red traces). 

The positions and intensities of the peaks in the k spectra, which are expanded to the 
fingerprint region, and n spectra, which are shown full scale, are very similar. 
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3.1.2 Thickened GD 
 

As noted in Table 4, TGD-U-8148-CTF-N was prepared by adding K-125 
thickener to a CASARM-grade lot, GD-U-8141-CTF-N. The K-125 additive is a proprietary 
acryloid polymer with the trade name Paraloid that was manufactured by Rohm and Haas 
(Philadelphia, PA).19 Thickened GD typically contains 5% (by weight) of K-125 additive.20 
According to Armor and Ogston,21 K-125 thickener consists of the following mole fractions: 
82% poly(methyl methacrylate) (PMMA), 12% poly(ethyl methacrylate), and 6% poly(isobutyl 
methacrylate). All three polymers are composed of alky methacrylate esters and thus share 
similar absorption features,22 in particular, a very strong ester carbonyl stretch near 1730 cm–1. 
We recently measured the optical constants of K-125 thickener. A thin film was prepared by 
airbrushing a solution of the polymer in 80:20 (v/v) acetonitrile/acetone onto a ZnSe prism and 
measuring it by IR ATR-VASE. The complex optical constants of the K-125 thickener (shown in 
Figure 6) are similar to those of PMMA, which we have reported previously.23 The spectra in 
Figure 6 were obtained from Rohm and Haas for lot number 3-66326. Variations in average 
molecular weights and crystallinity can induce subtle differences in the IR spectra of polymers. 
For that reason, IR libraries often include multiple spectra of an individual polymer type, and the 
spectra differ only by their average molecular weight or crystallinity. 
 
 

  
Figure 6. Complex optical constants of K-125 thickener from IR ATR-VASE measurements of 

an airbrushed thin film of the polymer on a ZnSe prism. 
 
 

The optical constants of the thickened GD (Figure 7) were similar to those of the 
unthickened agent (Figure 1). The most obvious difference was a peak at 1732 cm–1. Given the 
weakness of the feature and the unknown possible influence of intermolecular interactions 
between the GD and the thickener, this is remarkably similar to the position of the ester carbonyl 
in the thin film of the neat polymer, which was observed at 1731 cm–1. 
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Figure 7. Complex optical constants of TGD-U-8148-CTF-N. 

 
 
The absorption index can be computed from K as follows: 

 
𝑘𝑘(ν�) =

ln(10)𝐾𝐾(ν�)
4πν�

 (4) 

If eq 1 is rewritten to put K on the left side of the equation, 
 

𝐾𝐾(ν�) =
𝐴𝐴(ν�)
𝐶𝐶𝐶𝐶

 (5) 

and if L is to unit length (1 cm in this case), eq 5 becomes 
 

𝐾𝐾(ν�) =
𝐴𝐴(𝜈𝜈�)
𝐶𝐶

 (6) 

Substituting eq 6 for 𝐾𝐾(ν�) in eq 4 gives 
 

𝑘𝑘(ν�) =
ln(10)𝐴𝐴(ν�)

4πν�𝐶𝐶
 (7) 

If we ignore the factors noted above that can alter the spectra of the individual components in an 
admixture, eq 7 implies that, at least as a first approximation, the wavenumber-dependent 
absorption index of the thickened GD should be as follows: 

 𝑘𝑘TGD(ν�) = 𝑘𝑘𝐾𝐾125(ν�) × 𝐶𝐶𝐾𝐾125 + 𝑘𝑘GD(ν�) × 𝐶𝐶GD (8) 

Several mathematical approaches were used to estimate the influence of the 
thickener on the features of the thickened GD. The first, and simplest, was to subtract the 
baseline height in the unthickened GD, kGD = 0.0043, in the vicinity of 1730 cm–1, from the kmax 
of thickened GD, 0.0210. The result, 0.0167, which was assumed to be the contribution of the 
thickener to the absorption index, was divided by the kmax of the K-125 thickener, 0.4209, 
yielding an initial estimate of CPMMA = 0.040. The k spectrum of the K-125 thickener was 
multiplied by the initial estimated K-125 fraction and subtracted from the kTGD. The resulting 
residual spectrum was compared to the spectrum of the “pure” GD and was subjectively judged 
to be more similar to kGD. 
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Two MATLAB (MathWorks; Natick, MA) multiple linear regression functions, 
regress.m and robustfit.m,24 were then used to compute the K-125 fraction in the thickened GD, 
while limiting the data to points within the range of 1800–740 cm–1. This minimized the 
influence of absorption features where k was close to zero. The previous result, CPMMA = 0.040, 
was used only as a “reality check” of the results from the MATLAB computations. Of the two 
MATLAB programs, regress.m uses a simpler classical least-squares (CLS) method, in which all 
data points in the regression are weighted equally. In contrast, robustfit.m uses a more robust 
least-squares (RLS) fitting method that iteratively reweights data points with a bisquare function, 
assigning lower weights to data points that do not fit as well. The latter method may be more 
useful in the present situation, in which intermolecular interactions and the presence of 
copolymers can influence the shapes and intensities of spectral features. In fact, however, both 
regression functions returned similar values for the thickener fraction in the thickened GD: 
0.0355 (regress.m) and 0.0358 (robustfit.m). Figure 8 shows an overlay of spectra of thickened 
GD and unthickened agent from lot GD-U-8141-CTF-N, as well as the result spectrum obtained 
by subtracting 0.358 × kK125 from kTGD. As shown in the figure, the result spectrum was very 
similar to the kGD spectrum. Plots of the residuals from the two fitting methods are shown on the 
right side of Figure 8. 
 

  
Figure 8. Least-squares estimates of the fractional contribution of K-125 polymer to kTGD. 

Left: kTGD (blue trace); kTGD ‒ kK125 × 0.0358 (red trace); kGD (black trace). Red and black traces 
are very similar, particularly in the region of strong C‒O absorption (1200–1000 cm–1).  
Right: Residuals from least-squares estimates of the thickener fraction in thickened GD. 

 
 

In a strict mathematical sense, C represents volume fractions of the K-125 
thickener and GD that are related back to the density of the pure materials in their original 
physical states. The specific gravity of K-125 thickener is 1.15.19 As noted in Table 3, the 
specific gravity of GD is approximately 1.02. Therefore, a K-125 volume fraction of 0.0358 
represents a mass fraction of: 1.15

1.02
× 0.0358 ≈ 0.040. This mass fraction of thickener was likely 

similar to that of the thickened GD as it was originally prepared.  
 

As shown in Figures 7 and 8, at a mass fraction of <5%, the contributions of the 
K-125 thickener to the spectra of the thickened GD were generally subtle. Euclidean distance 
(ED) is a commonly used algorithm within commercial spectroscopy software for matching 
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unknown spectra by searching spectral libraries.25 Mathematically, ED values can range from 
ED = 0, a perfect match, to ED = 1, no match. ED is implemented in the MATLAB function 
pdist.m and was used to compare the spectra of GD and thickened GD, including a thickened GD 
spectrum that was processed by subtracting the estimated volume fraction of PMMA, namely, 
kTGD,corr = kTGD ‒ kPMMA × 0.0349. Matches were run on the spectra from the full spectral range, 
3998–601 cm–1, and a narrower range, 1350–700 cm–1, which encompasses the strongest features 
in the GD. As summarized in Table 7, the results indicated that subtracting a scaled spectrum of 
the K-125 thickener from the thickened GD spectrum slightly improved the match. This held true 
for the spectra that were matched across their full spectral range as well as for the pairs that were 
compared within only the narrower spectral range. In any case, as also shown in Table 7, a 
common way of presenting the search results is to subtract the ED value from 1 and multiply the 
result by 100 to give, for example, a hit quality index (HQI) of 100 for a perfect match and 0 for 
no match.25 An automated search algorithm, and most human operators, would generally 
consider all of the HQIs in Table 7 to be excellent matches. In such a case, an experienced 
operator will often perform a visual comparison between the unknown spectrum and the first 
several matches to look for subtle differences that may indicate either a slight structural 
difference between the unknown and the library spectra or the presence of an additional 
compound in the unknown.  
 
 

Table 7. ED Matches between GD–Thickened GD Pairs 

Spectral Pair Range 
(cm–1) ED HQI* 

GD–TGD 4000–601 0.0545 94.55 
GD–TGD, corrected† 0.0426 95.74 

GD–TGD 1350–700 0.0397 96.03 
GD–TGD, corrected† 0.0243 97.57 

TGD, thickened GD. 
*HQI = (1 ‒ ED) × 100. 
†kTGD,corr = kTGD ‒ kPMMA × 0.0349. 

 
 

We note that the effects of impurities and additives on the spectra of chemical 
agents that are analyzed in the liquid state can differ greatly from vapor-phase spectra of the 
same lot of agent that was obtained by evaporation or purging of the liquid.13 This was most 
dramatically obvious in the case of stabilized VX, with a purity of approximately 95%, that was 
analyzed by purging the agent with nitrogen carrier gas and acquiring spectra of the effluent over 
several days.12 The resulting spectra were dominated by high-volatility species present at low 
concentrations in the liquid VX, whereas spectral features associated with VX vapor were largely 
not observed. On the other hand, the thickened GD represented nearly the opposite case: a 
solution composed of a nonvolatile solute, the acryloid polymer, in a much more volatile solvent, 
GD. As such, spectra of the vaporized effluent from the thickened GD would not be expected to 
differ sufficiently from those of an unthickened sample of the agent for the changes to have been 
observed. For that reason, the thickened agent was not run with the purged saturator cell 
technique. 
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3.1.3 Complex Refractive Index of Non-CASARM-Grade GD 
 

The complex refractive indices of GD-S-0167-CTF-N and GD-S-5134-CTF-N are 
shown in Figure 9. The top row shows n and k within the full spectral range of the ellipsometry 
measurements, and the traces in the middle row are expanded to the fingerprint region. In the 
bottom row, k is expanded to show the region within 2200–1600 cm–1. The spectra were similar 
to one another and to the spectra of the CASARM-grade agents. The kmax was observed at  
1017.5 cm–1 (k = 0.557) for GD-S-0167-N and at 1017.8 cm–1 (k = 0.548) for GD-S-5134-CTF-
N. The nmax was observed at 981.3 cm–1 (n = 1.665) for GD-S-0167-CTF-N and at 981.6 cm–1  
(n = 1.659) for GD-S-5134-CTF-N.  
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Figure 9. Complex refractive indices of GD-S-0167-CTF-N (blue traces) and GD-S-5134-CTF-N 
(black traces). Top row: k and n within the full range of the ellipsometry measurements. Middle 
row: range is expanded to the fingerprint region within 1500–600 cm–1. The greatest absolute 
differences between the optical constants of the two non-CASARM-grade samples are seen in 

this region. Bottom row: plot shows peaks around 2116 cm–1 (DICDI) and 1680 cm–1 
(possible diisopropylurea). 
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Closer examination of the spectra in the middle row of Figure 9, which are 
expanded to the fingerprint region, reveals differences in intensities that are most pronounced in 
the region between 1300 and 800 cm–1. The k spectrum of GD-U-8141-CTF-N was used as the 
reference to compute the ED between the CASARM-grade and the non-CASARM-grade 
samples, giving ED = 0.0725 (HQI = 92.75) for GD-S-0167-CTF-N, and ED = 0.115 for GD-S-
5134-CTF-N (HQI = 88.47). In this case, the sample with the lower purity as assessed by  
GC–MS (GD-S-0167-CTF-N) yielded the higher HQI. Although good, both matches may lead 
an experienced analyst to look for differences in shapes or intensities of peaks that could indicate 
the presence and identity of an impurity. 

 
As explained in Table 4, the two non-CASARM-grade samples were supplied 

without CoAs or any other instrumental analyses of the lots. GC–MS analysis (courtesy of the 
ECBC Chemical Methodologies Branch) was used to determine the relative purities of the two 
samples that are shown in Table 4. The GD area fractions and impurities that are shown in the 
table were computed by integrating the peaks of the individual compounds and dividing by the 
summed areas of the total ion chromatograms (TICs). In this technique, it is assumed that the 
fragmentation patterns of individual compounds in a mixture are similar to one another and are 
proportional to their molar fractions. Because this method does not incorporate the use of 
internal or external reference standards, it provides only rough estimates of mass or molar 
fraction. Another limitation is that not all compounds are amenable to gas chromatography 
because of low volatility, thermal instability, or reactivity. 

 
The TIC from GD-S-0167-CTF-N was populated with 15 peaks that were large 

enough for the peak areas to be integrated by the runtime environment (RTE) integration 
parameters in the MSD ChemStation software (Agilent Technologies; Santa Clara, CA). Among 
the impurities noted in Table 4, the largest fraction, at 1.75%, was diisopropylurea, which is the 
byproduct of the reaction of water with the DICDI stabilizer. The second-largest fraction after 
GD diester (dipinacolyl methylphosphonate), which comprised 0.78% of the TIC, was not 
identified. Based upon its mass spectrum and elution time, it was probably from a high-
molecular-weight compound. GD diester comprised 0.59% of the TIC. Two low-molecular-
weight alkenes accounted for 0.26% of the total area of the TIC. GB, which has a spectrum 
similar to that of GD, was observed at an area fraction of 0.14%. Peaks containing 2.65% of the 
total peak area in the TIC could not be assigned to a specific chemical compound. Among the 
impurities observed in the GC–MS analysis, to our knowledge, the only compounds for which 
the complex refractive indices were available were the pinacolyl alcohol (PinOH), DICDI, and 
GB. Despite the paucity of reference standards, an analysis of the spectrum of the stabilized 
agent was attempted using the RLS approach. The spectra of the GD and the PinOH, DICDI, and 
GB reference standards were truncated to the region of 2200–600 cm–1 to minimize the influence 
of small baseline differences in regions where k ≈ 0. The results are summarized in Table 8. The 
computed volume fraction of GD (94.10%) and the volume fractions of DICDI and GB (both 
<0.5%) appeared reasonable. On the other hand, the computed volume fraction of PinOH, 
2.68%, did not appear to be credible. The TIC from the GC–MS analysis had a peak at the 
retention time of PinOH, but it was too small to be integrated using the default parameters. A 
reason for the apparent discrepancy may be indicated in Figure 10, which shows the weights 
assigned by robustfit.m to the individual data points, along with spectra of the reference 
compounds (computed from 10–k for display purposes only). As shown in Figure 10, unlike in 
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DICDI and PMMA, in which the strongest features are well separated from those of GD, the 
strongest absorption lines in GD, GB, and PinOH share similar spectral regions. As Figure 10 
illustrates, the regions exhibiting strong absorption by GD, GB, and PinOH were strongly 
deweighted by the RLS fitting method. This forced the fits to use weaker absorption lines with 
lower signal-to-noise ratios. We concluded that in the absence of additional reference spectra of 
the impurities in the GD or training sets from spectra of additional lots of weapons-grade GD of 
known composition, the robust fit provided, at best, only a semiquantitative measure of the 
concentration of the impurities in the agent. 
 
 

Table 8. Results from RLS Analysis  
of k Spectrum from GD-S-0167-CTF-N 

Compound 
Volume 
Fraction  

(%) 
GD 94.10 

DICDI 0.14 
PinOH 2.68 

GB 0.45 
 
 

  
Figure 10. RLS fit of GD-S-0167-CTF-N. Blue trace shows weights assigned to individual data 

points in robust fit of the k spectrum of the sample. Dashed traces show the spectra of 
CASARM-grade GD (red), DICDI (green), PinOH (purple), and GB (cyan). For clarity, the 

reference spectra are presented in pseudo-transmission mode (10–k). Many of the regions 
encompassing the strongest absorption lines in the reference spectra were heavily deweighted by 

robustfit.m, indicating that the spectrum of the weapons-grade GD was not well modeled by a 
simple linear combination of the reference spectra. 
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3.2 Vapor-Phase Spectra of Stabilized GD 
 

As noted in Table 4, GD-U-2323-CTF-N was a well-characterized, high-purity 
CASARM-grade agent. As seen in Figure 4, the complex refractive index was generally 
unremarkable. Other than a trace of DICDI that was evident in both the n and k spectra, little else 
was observed during the analysis of the liquid by IR ATR-VASE. This made the sample useful 
for contrasting the differences in spectra obtained from vapor and liquid of the same lot of the 
agent. The GD had originally been procured with the intention of using it to acquire the vapor-
phase absorptivity coefficient. However, upon acquiring vapor-phase spectra of the effluent from 
a saturator cell, we observed prominent absorption features from at least two impurities: DICDI 
and isopropyl isocyanate, the latter of which was identified on the basis of its similarity to that of 
the spectrum of n-propylisocyanate from the PNNL vapor-phase spectral library.18  

 
We have previously described in more detail the theory and mathematics that 

illustrate the evaporation rate of individual components in a solution and the use of CLS to 
compute their respective concentrations.12 The following constitutes only a brief review. 
According to Raoult’s law, in an ideal solution, the partial pressure of a solute is proportional to 
the partial pressure of the pure solute and its molar fraction in the solution:26 
 

P = PaXa + PbXb + PcXc… (9) 

where X represents the molar concentration of the individual components in the solution. As a 
result of Raoult’s law, the concentrations of the individual components in the headspace above a 
solution are rarely equal to the concentrations of those compounds in the liquid. Even high-purity 
chemical agents usually contain trace concentrations of precursors, byproducts, and stabilizers 
that are more volatile than the agent and contribute disproportionately to the vapor. Vapor-phase 
spectra of compounds at low concentrations in air or nitrogen are much less subject to 
intermolecular interactions (to include other species that may be present) that can broaden peaks 
and shift their positions.27 The concentrations of the individual compounds in the vapor could be 
readily computed with Beer’s law:25  
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This is similar to the method that was used to analyze the impurities in the liquid phase. 
However, unlike what we found for the liquid-phase measurements, we observed that the 
response of the higher-resolution vapor-phase spectra acquired with the IFS-66 spectrometer can 
be very linear as long as Ai(𝜈𝜈�) ≤ 1.2. In the past, there were few quantitative, high-resolution 
vapor-phase spectra of chemical weapons-related materials available. In recent years, two 
libraries of high-resolution vapor-phase absorptivity coefficients of chemical agents, precursors, 
and common impurities have been published.3,18 Although gaps remain, it has become possible 
to identify and quantify a wider variety of impurities in vapor-phase spectra of chemical agents. 
 

Figure 11 shows two views in the vapor-phase spectrum of the CASARM GD that 
are overlaid with reference spectra. The left side of the figure shows the region between 2500 
and 2000 cm–1. That region in the spectrum of GD-U-2323-CTF-N exhibits absorption bands 
from the coordinated double bonds in diimide (near 2130 cm–1) and isocyanate (near 2270 cm–1). 
For comparison, the reference spectrum of the DICDI in the figure, which was from the ECBC 
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Spectral Database, was scaled to a concentration–pathlength product (CL) of 50 µmol·mol–1·m. 
A quantitative vapor-phase reference spectrum of isopropyl isocyanate was not available. The 
red trace on the left side of the figure is that of n-propylisocyanate, which was obtained from the 
PNNL database. Note that the x axes in the reference spectra were truncated to the regions 
encompassing the strong absorption from the coordinated double bonds. The right side of 
Figure 11 shows the fingerprint region. The reference spectrum of GD in the plot, which was 
taken from the ECBC Spectral Database, was scaled to a CL of 164 µmol·mol–1·m, which was 
the approximate CL of GD-U-2323-CTF-N at the time the spectrum was acquired. The reference 
spectrum of DICDI in the plot on the right of Figure 11 was scaled to 120 µmol·mol–1·m, which 
better matches the concentration of the compound in the effluent from GD-U-2323-CTF-N at the 
time the spectrum was acquired. Therefore, the stabilizer, which constituted a molar fraction of 
only approximately 1% in the liquid, was present in the vapor phase at a molar fraction that was 
approximately 75% that of the GD. 

 
A partial explanation for the large difference in the concentration of the DICDI in 

the liquid vis-à-vis the vapor can be found in the large differences in their vapor pressures. At 
22.5 °C (the temperature of the bath in which the saturator cell was suspended), the vapor 
pressure of GD, computed from its Antoine coefficients,28 was 44.16 Pa. At the same 
temperature, the pure component vapor pressure of DICDI was 535.2 Pa.29 If the molar fraction 
of DICDI is assumed to be approximately 1% (from NMR analysis), the expected partial 
pressure of DICDI in the liquid GD (from eq 9) is around 5.4 Pa, the predicted partial pressure of 
GD is 42.6 Pa, and the expected molar fraction of DICDI in the vapor is 12%. At least in our 
experimental setup, the GD–DICDI fluid system clearly departed from ideality, and it was 
necessary to determine its properties empirically. 

 
 

  
Figure 11. Vapor-phase spectra of GD-U-2323-CTF-N and scaled reference spectra. Right: plots 

show the scaled vapor-phase absorptivity coefficients of DICDI (120 µmol·mol–1·m) and GD 
(164 µmol·mol–1·m), which were both close to their actual CLs in the vapor from GD-U-2323-
CTF-N. Although DICDI was present at a CL that was nearly 75% that of the GD, the DICDI 

contributed little to the spectrum of the vapor in the fingerprint region. Left: the figure is 
expanded to show the relatively strong contributions by the stabilizer DICDI and a presumed 

isocyanate impurity, which was identified by the similarity of its spectrum to n-propyl 
isocyanate. For readability only, portions of the spectra of the two impurities are shown.   
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 The spectrum of DICDI is characterized by very strong features around 2130 cm–1, 
which is well outside the regions in which most other organic compounds exhibit their most 
intense absorption bands. As shown in Figure 11 (right), even at a CL of 120 µmol·mol–1·m, the 
DICDI exerted only a relatively small influence on the spectrum of the vapor from GD-U-2323-
CTF-N within the fingerprint region. 
 
 As noted previously, GD-U-2323-CTF-N was originally procured to measure the 
vapor-phase absorptivity coefficient of GD. Carbodiimide and isocyanate impurities in the vapor 
stream rendered the agent not useful for that purpose. Initially, in an attempt to purge the GD, we 
pushed nitrogen carrier gas at a fixed rate through the saturator while we monitored the IR 
spectra of the effluent. At first, the DICDI fraction decreased rapidly; however, the decrease was 
asymptotic, and we realized after several days that it would not be practicable to remove the 
remaining trace fraction of the impurity. (As we subsequently discovered while analyzing the 
vapor effluent from weapons-grade VX, the VX–DICDI system displayed a similar behavior.12)  
 

Therefore, we decided to use the sample to further investigate the dynamics of the 
GD–DICDI system. This was accomplished by adding 95.9 mg of DICDI to the saturator cell, 
thereby increasing the molar fraction of DICDI to 3.55% and giving predicted partial pressures 
of P = 19.0 Pa for DICDI and P = 42.6 Pa for GD. When a time series of effluent spectra was 
obtained, the composition of the vapor was largely as expected, as shown in Figure 12.  
 
 

 
Figure 12. Series of vapor-phase IR spectra of GD from a saturator cell that had been spiked with 

DICDI to a molar fraction of 3.55%. The numbers in the legend indicate the time (in minutes) 
from the start of the carrier flow. As expected, the DICDI (indicated principally by the strong, 

sharp absorption band near 2130 cm–1) exhibited a rapid decay.  
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  As noted previously, the strongest absorption features in GD and DICDI were 
present in different spectral regions; however, there was weak interference by DICDI within the 
1200–800 cm–1 region, where GD absorbed most strongly. For that reason, the concentrations of 
DICDI and GD in the vapor were computed with MATLAB software using a CLS computational 
method that included a broad spectral region from 2250 to 700 cm–1. 
 

The mass rate of DICDI from the first day’s experiment, during which a total of 
12 spectra were acquired, is shown in Figure 13. The semilog plot showed that the decay in the 
DICDI rate deviated somewhat from ideality. This behavior, which was also observed with 
VX,12 may be related to differences in the phenomenology of the mass transport in the liquid 
phase between the DICDI and the lower-volatility GD. The line in the plot that connects the 
individual data points was therefore fitted to a second-order equation: 

 
ln(𝑅𝑅) = 5.338 × 10−6𝑡𝑡2 − 0.004667(𝑡𝑡) − 1.478 (11) 

where R represents the rate of DICDI (in mg∙min–1) and t is the time (in min). The intercept in 
eq 11, –1.478, represents the natural logarithm of the DICDI rate at t = 0, and its antilog gives 
R = 0.228 mg∙min–1. That value for the starting rate is less than one-half the theoretical value of 
R0 = 0.488 mg∙min–1 and may indicate that hydrogen bonding between the R–N–H of the 
carbodiimide and the phosphoryl (P=O) of the GD depresses the partial pressure of the DICDI. 
Carrier flow was maintained for a total time of 296 min. Integrating eq 11 yields 

 � 𝑓𝑓(𝑡𝑡)d𝑡𝑡 = 40.8 mg
296

0
 (12) 

which was the total mass of DICDI that eluted from the saturator cell during the first day’s 
experiment. Subtracting the mass of DICDI from the total Δmass (from the gravimetric 
measurements) of 300.1 mg gave a Δmass of 260 mg for the GD and an average mass rate of 
0.876 mg∙min–1. Applying Raoult’s law (eq 9) yields a predicted starting mass rate for the GD of 
0.947 mg∙min–1. As expected, the spectra showed little change in the regions of strong absorption 
from GD, in which DICDI exhibited little or no absorption (1100–900 cm–1). Applying eq 10 
yields R(GD) = 0.938 mg∙min–1, which is only slightly lower than the Raoult’s law prediction. 
The total Δmass rate from the gravimetric measurements was 1.013 mg∙min–1 
(300.1 mg/296 min). The combined data appear to show that just those two compounds, GD and 
DICDI, probably accounted for close to 100% of the vapor stream from the saturator cell. 
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Figure 13. Mass rate of DICDI from a GD-filled saturator cell that had been spiked to a  

molar concentration of 3.55%. The line represents the best fit of the data points. 
 
 
  The GD saturator cell was run under similar conditions for nearly 19 h over a 
five day period. In between runs, the carrier flow was stopped, and the saturator cell was dried 
for several hours before it was reweighed. Prior to the next run, the saturator cell was again 
weighed to verify that the weight had not changed since the end of the previous run. When the 
DICDI mass rates from all five runs were plotted together, the DICDI decay displayed behavior 
similar to that observed during the analysis of weapons-grade VX.12 As shown in Figure 14, at 
the beginning of each subsequent run, the mass rate of DICDI was higher than at the end of the 
previous run. This provided additional evidence that the mass transport of the two components in 
the solution, GD and DICDI, were different. An additional observation was that in the last two 
runs, the mass rate may have started to become asymptotic, as if the GD–DICDI system was 
forming an azeotrope. Overall, the data confirmed our initial observation that purging DICDI 
from liquid chemical agents may not be practicable. 
 
  Because the DICDI concentration in the liquid that remained in the saturator cell 
decreased over the course of the experiment, at least on a theoretical basis, the GD output rate 
should have increased. However, even after DICDI was added to the saturator cell, the molar 
purity of the GD (approximately 96.5%) was still very high relative to the DICDI concentration. 
For that reason, we did not necessarily expect to be able to detect an increase in the GD ouptut as 
the DICDI concentration decreased. When it was plotted, however, the GD output rate appeared 
to exhibit a slow increase over the course of the runs, as shown in Figure 15. The mean 
computed mass rate of GD (computed from the spectra) on day 5 was 1.023 mg∙min–1, which 
was close to the predicted mass rate of pure GD under the experimental conditions, 
0.982 mg∙min–1. Such a close agreement was encouraging and illustrated the value of the 
saturator cell technique for obtaining stable, predictable streams of compounds and the 
usefulness of IR spectra for determining compound concentrations when absorptivity coefficients 
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are known. We note that we have not studied in a systematic way the uncertainties in the CLS 
method that was used to compute the mass rates of compound mixtures from their spectra. As an 
example of one factor that contributes to the overall uncertainty in such computations, the 
uncertainties in the reference spectra of GD that we used were 2.7% (Type A) and 3.0% (Type B).8  
 
 

 
Figure 14. Mass rate of DICDI from GD-filled saturator cell that had been spiked with the 

stabilizer as a function of time. At the beginning of each subsequent run, the initial mass rate was 
higher than at the end of the previous run, which appeared to provide further evidence that the 

mass transport of DICDI and GD in the liquid phase differed from one another. 
 
 

 
Figure 15. Mass rate of GD from saturator cell as a function of time. As the concentration of 

DICDI decreased, the rate of GD increased, as predicted from Raoult’s law. 
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  The conclusions from the saturator cell experiments with DICDI-stabilized GD 
were as follows: 
 

• Because of the relatively high vapor pressure of DICDI, the compound 
contributed a much higher mass (and molar) fraction to the vapor-phase 
spectra of the stabilized GD than to the complex refractive index of the liquid 
agent. 

• Although DICDI is a strong IR absorber, because its region of strongest 
absorption is well outside the fingerprint region, the compound had little 
effect on the shapes and intensities of absorption features in the fingerprint 
region. An impurity with a similarly high vapor pressure and absorption bands 
in the fingerprint region would be expected to have much larger effects on the 
shapes and intensities of the target chemical agent within the fingerprint 
region. 

• The behavior of even a simple binary system, such as DICDI–GD, can at best 
only be approximated from first principles. Such approximations must be 
verified empirically. 

 
 
4. CONCLUSIONS 
 

We measured the complex optical constants (𝑛𝑛� = 𝑛𝑛 + i𝑘𝑘) of five lots of the nerve 
agent GD in the mid-infrared region, including CASARM-grade, weapons-grade, and thickened 
GD agent using IR ATR-VASE. Further, we systematically studied the effects of a stabilizer, 
DICDI, on vapor-phase spectra of GD that were generated from the GD. As expected, the 
stabilizer had a much larger effect on the vapor-phase than the liquid-phase spectra, although the 
compound had only a small effect on spectra of the agent within the fingerprint region.
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ACRONYMS AND ABBREVIATIONS 
 
 

ATR-VASE attenuated total reflection variable-angle spectral ellipsometer 
CASARM Chemical Agent Standard Analytical Reference Material 
CAS RN Chemical Abstracts Service Registry Number 
CL concentration–pathlength product 
CLS classical least squares 
CoA certificate of analysis 
DICDI  diisopropylcarbodiimide 
ECBC U.S. Army Edgewood Chemical Biological Center 
ED Euclidean distance  
FTIR Fourier transform infrared 
GB isopropyl methylphosphonofluoridate, sarin 
GC gas chromatography 
GD pinacolyl methylphosphonofluoridate, soman 
HQI hit quality index 
ik imaginary refractive index 
IR infrared 
IRE internal reflection element 
IUPAC International Union of Pure and Applied Chemistry 
k absorption index 
K linear absorptivity coefficient 
K–K Kramers–Kronig 
MS mass spectrometry 
ν wavenumber 
n real part of the refractive index 
NMR nuclear magnetic resonance 
PinOH pinacolyl alcohol 
PMMA poly(methyl methacrylate) 
PNNL Pacific Northwest National Laboratory 
RLS robust least squares  
rms root mean square 
TGD thickened GD 
TIC total ion chromatogram 
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