
Vaporization Enthalpies and Vapor Pressures of Two Insecticide
Components, Muscalure and Empenthrin, by Correlation Gas
Chromatography
Jessica Spencer and James Chickos*

Department of Chemistry and Biochemistry, University of MissouriSt. Louis, St. Louis, Missouri 63121, United States

*S Supporting Information

ABSTRACT: The vaporization enthalpies at T/K = 298.15
and vapor pressures from T/K = (298.15 to Tnb (normal
boiling temperature)) of muscalure (Z-9-tricosene) and
empenthrin [(E)-(RS)-1-ethynyl-2-methylpent-2-enyl (1RS)-
cis-trans-2,2-dimethyl-3-(2-methylprop-1-enyl)-cyclopropane-
carboxylate], have been evaluated by correlation gas
chromatography. Commercial samples of muscalure also
contain a small amount of E-9-tricosene. Vaporization
enthalpies of [(114.4 ± 1.0) and (114.5 ± 1.0)] kJ·mol−1

and vapor pressures, p/Pa = [(1.2 ± 0.1) and (1.1 ± 0.1)]·10−4, both at T/K = 298.15 have been evaluated for Z and E-9-
tricosene, respectively. Empenthrin is also a mixture of possibly four diasteriomers. Two of the diasteriomers, empenthrin 1 and
2, are separated by the chromatography and are characterized by the order of their elusion off the column. Vaporization
enthalpies of [(87.2 ± 4.8) and (87.0 ± 4.8)] kJ·mol−1 and vapor pressures, p/Pa = [(594 ± 380) and (601 ± 383)]·10−4, also at
T/K = 298.15 have been evaluated for the two diasteriomers, empenthrin 1 and 2, respectively. Vapor pressure equations
generated by correlation for muscalure predict a boiling temperature at p/Pa = 133 of Tb/K = 449 (lit. 453) and for empenthrin 1
and 2 at p/Pa = 101325 of Tnb/K = 567.9 and 569.2 (lit. 568.7). The vapor pressure values for empenthrin at T/K = 298.15 serve
as a test case for comparing the accuracy of vapor pressure measurements using other GC retention time methods on
environmentally sensitive materials.

1. INTRODUCTION
Z-9-Tricosene, is a sex pheromone produce by female house
flies (Musca domestica). It is marketed under the name
muscalure, which exists as a mixture of mainly Z-9-tricosene
along with smaller amounts of E-9-tricosene and traces of other
hydrocarbons. Muscalure in combination with other fecal odors
provides maximum attraction for male flies.1,2 It is used in
combination with fly paper or other traps. Z-9-Tricosene also
serves as a communication pheromone in bees.3

Empenthrin, (E)-(RS)-1-ethynyl-2-methylpent-2-enyl (1RS)-
cis-trans-2,2-dimethyl-3-(2-methylprop-1-enyl)-cyclopropane-
carboxylate, is a synthetic pyrethrin used as a pesticide. It has a
broad spectrum of activity on various flying insects but
relatively low mammalian toxicity.4 It consists of a racemic
mixture of up to four possible diasteriomers. As described in the
Eexperimental section, at least three of the diasteriomers were
detected in the commercial product.
The structures of muscalure and empenthrin are provided in

Figure 1. Vapor pressures at ambient temperatures of both have
been estimated previously, and the vapor pressure of
empenthrin has been measured by a GC retention time
method. Experimental values for empenthrin of p/Pa =
(0.0145,6 and 0.0236) have been reported near ambient
temperatures. A vapor pressure of p/Pa = 0.0475 has been
reported for muscalure. Unfortunately, very little additional
thermochemical information other than the vapor pressures

cited is available to accompany these measurements, so it is
difficult to assess their accuracy. As pointed out by Ruzicka et
al.,7 the GC retention time methods8,9 suffer from various
sources of bias that include the accuracy of the vapor pressures
used as standards and the reliability of the equations used for
temperature extrapolations. For materials that are solids, the
quality of the approximations used to interconvert subcooled
liquid to solid vapor pressures was also questioned. We would
also add based on our experience that it is not clear whether
some of the standards that are used are appropriate for the
substances evaluated. On the other hand, the number of direct
vapor pressure measurements of organic substances in the
literature reported much below 10−3 Pa is quite small because
of the experimental difficulties involved in the measurements of
low pressures. The GC retention time methods,6,8,9 while not
making direct measurements, are capable of extending the
pressure range to much lower vapor pressures and are useful
provided qualitative results will suffice.10

Correlation gas chromatography differs substantially from
most variants of the GC retention time methods for obtaining
vapor pressures. The method requires the use of several
standards, and in addition, their enthalpies of transfer,
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ΔHtrn(Tm), measured from the temperature dependence of
residence time, ta, and evaluated at a mean temperature, Tm,
must first be shown to correlate with their vaporization
enthalpies, Δl

gH(T). This requires the use of standards that
bear functional similarity to the compounds being investigated.
The value of ΔHtrn(Tm) is evaluated from a plot of ln(to/ta) vs
1/T, where to refers to the reference time, to/s = 60. The
enthalpy of transfer is related to the vaporization enthalpy by eq
1 where the term ΔHintr(T) represents the enthalpy of
interaction of each analyte with the column.11,12 If the
standards are appropriately chosen, a second plot of ΔHtrn(Tm)
vs Δl

gH(T) is found to be linear even though Tm and T, most
frequently ambient temperature, differ. The equation of the
resulting line can then be used to evaluate the vaporization
enthalpy of the targets provided they are included in the same
mixture. The residence time of each analyte is determined by
including some material, frequently the solvent, not retained by
the column in the mixture by difference.

Δ = Δ + ΔH T H T H T( ) ( ) ( )trn l
g

intr (1)

In addition, the residence times of the standards plotted as
ln(to/ta) must be found to correlate linearly with their
respective vapor pressures, plotted in the form of ln(p/po),
where po refers to a reference pressure, in this study po/Pa =
101325. If the standards are appropriately chosen, the vapor
pressures of the targets can be appropriately evaluated from the
correlation equation. This method is dependent on the
availability of reliable vaporization enthalpies and vapor
pressures to accompany the choice of standards, preferably
available over a wide temperature range. Selection of the
appropriate standards is of immense importance. When these
criteria are met and sufficient data is available, it is possible to
assess the reliability of the measurements. This can be achieved

in various ways. If the standards and/or targets are solids and
sublimation enthalpies and pressures are available, it is possible
to compare the results by means of a thermochemical cycle, eq
2.13 Extrapolation of the subcooled vapor pressures obtained by
correlation to the fusion temperature, Tfus, and calculation of
the vaporization enthalpy at Tfus, followed by addition of the
fusion enthalpy, Δcr

lH(Tfus) provides both the sublimation
enthalpy, Δcr

gH(Tfus) and vapor pressure common to both
phases. The Clausius−Clapeyron equation has then been used
to assess the vapor pressure of the solid at ambient
temperatures.13−15 An alternative that has been used is to
calculate and compare other experiment properties such as
boiling temperatures as is done in this study.13−15 The lack of
any assessment of the vapor pressures obtained is certainly a
legitimate criticism of the GC retention time methods.

Δ = Δ + ΔH T H T H T( ) ( ) ( )cr
g

fus l
g

m fus cr
l

fus (2)

The study of empenthrin is a case study of a substance where
a sufficient amount of experimental thermochemical informa-
tion of appropriate standards is available in the literature to
provide some assessment of the results reported by one variant
of the GC retention time method.6,8 Both empenthrin and
muscalure are commercially available as liquids. Since extensive
vapor pressure data for the two sets of standards used in this
study are available, the assessment of the results for these two
substances is based on comparisons of their calculated boiling
temperatures with experimental values. This assessment is
based on a study of the temperature dependence of residence
time of both the targets and the standards.

2. EXPERIMENTAL SECTION
2.1. Materials. Table 1 lists the source of the materials used

in this study and their analysis. Muscalure and empenthrin were

Figure 1. Structures of muscalure and empenthrin.

Table 1. Origin of the Standards and Targets

compound CAS registry no. supplier mass fraction supplier GC analysis

n-nonadecane 629-92-5 Sigma Aldrich 0.99
n-eicosane 112-95-8 Sigma Aldrich 0.99
n-heneicosane 629-94-7 Sigma Aldrich 0.98
n-docosane 629-97-0 Sigma Aldrich 0.99
muscalure, Z-9-tricosene 27519-02-4 Fluka ASa 0.98 88 % cis; 12 % trans
E-9-tricosene 35857-62-6 Fluka ASa 0.98 88 % cis; 12 % trans
n-tetracosane 646-31-1 Sigma Aldrich 0.99
methyl dodecanoate 111-82-0 Sigma Aldrich > 0.99
empenthrin 54406-48-3 Fluka ASa 0.96 ∼0.46:046:0.08
methyl pentadecanoate 7132-64-1 Sigma Aldrich 0.99
methyl hexadecanoate 112-39-0
methyl octadecanoate 112-61-8
ethyl octadecanoate 111-61-5 Sigma Aldrich 0.99
methyl nonadecanoate 1731-94-8

aAnalytical standard.
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both analyzed by gas chromatography as described below and
by 13C for the former and 1H NMR for the latter compound.
The NMR spectra were run on a Bruker Avance 300 NMR
spectrometer. Muscalure is commercially available as a mixture
of Z-9-tricosene and E-9-tricosene with a combined mass
fraction of 0.98. Both isomers were resolved by the
chromatography resulting in Z-9-tricosene, 88%, E-9-tricosene,
12 %. The proton decoupled 13C spectrum of the two isomers
in the vinyl region was also consistent with this analysis.
Empenthrin is also commercially available as a mixture. Since

the molecule contains three asymmetric centers, a total of four
diasteriomers are possible. In this case three of the four possible
diasteriomers could be differentiated by a combination of gas
chromatography and 1H NMR analysis. Two of the major
diasteriomers were present in roughly equal amounts, making
up the majority of the material. The two major diasteriomers
were partially resolved by the chromatography, but the third
only appeared only as a shoulder. In the 1H NMR spectrum,
the proton on the triple bond of the two major isomers at 2.45
ppm appeared as two sets of doublets of equal intensity
consistent with the presence of two diasteriomers of roughly
equal concentration. Similarly, the cyclopropyl hydrogen next
to the carbonyl also appeared as two doublets of similar
intensity at 1.38 ppm. Evidence for the presence of a third
diasteriomer is a weak triplet at 0.82 ppm as compared to the
only other triplet in the spectrum centered at 0.92 ppm.
Integration of the triplets resulted in a ratio of 5.2/1 resulting in
a composition of ∼0.42:0.42:016. Gas chromatography analysis
resulted in a similar ratio of approximately 0.46:0.46:0.08 based
on the relative areas of the two peaks and assuming equal
amounts of the two major diasteriomers. NMR spectra are
available in the Supporting Information. At present, the
structures of the three diasteriomers are not assigned. They
are labeled as empenthrin 1, empenthrin 2, and empenthrin 3
in order of their elusion off the column. Vapor pressures and
vaporization enthalpies for only empenthrin 1 and 2 have been
evaluated since the third isomer was not resolved by the
column at the temperatures studied.
2.2. Methods. Correlation gas chromatography experi-

ments were conducted on a 5890 gas chromatograph running
Chemstation. The instrument was equipped with an FID
detector, and experiments were conducted on a Supelco 15 m
× 0.32 mm SPB-5 capillary column with a 1.0 μm film thickness
using helium as the carrier at a split ratio of approximately 100/
1. The column temperature was maintained by the instrument
to within ± 0.1 K and monitored continuously by a Vernier
stainless steel temperature probe using a Go!Link USB
interface running Logger Lite software. Methylene chloride
and in one instance, hexane, were used as solvents. At the
temperatures of the experiments they also served as the
nonretained reference. Residence time on the column, ta, which
is inversely proportional to an analyte’s vapor pressure off the
column, was calculated by difference between the retention
times of each analyte and the non retained reference. Plots of
ln(to/ta) against 1/T for each analyte where to refers to the
reference time, 60 s, resulted in straight lines with correlation
coefficients, r2 > 0.999. The slope of the line, provided the
enthalpy of transfer of each analyte from the condensed phase
on the column to the gas phase divided by the gas constant, R,
as −ΔHtrn(T)/R. The results of plotting ΔHtrn(Tm) against the
vaporization enthalpy at T/K = 298.15, Δl

gH(298.15), are
described below.

2.3. Estimation. For comparison purposes, the vaporization
enthalpies of muscalure and empenthrin were also estimated
using eq 3.16 The parameter nC in the equation refers to the
total number of carbons atoms, while nQ refers to the number
of quaternary sp3 hybridized carbons. The b term adjusts for
any functional groups in the molecule. Z-9-Tricosene contains
23 carbon atoms and no additional function group to consider.
This results in an estimated value of (110.9 ± 5.5) kJ·mol−1.
Empenthrin contains a total of 18 carbon atoms, one of which
is a quaternary sp3 hybridized carbon atom and an ester
functional group. The b term for an ester is 10.5 kJ·mol−1. This
results in an estimated vaporization enthalpy of (94.5 ± 5.0) kJ·
mol−1.

Δ ·

= − + + +

−H

n n n b

(298 K)/kJ mol

4.69( ) 1.3 3.0
l
g 1

C Q Q (3)

2.4. Standards. The vaporization enthalpies of the
standards obtained from the literature are summarized in
column 2 of Table 2. All values are available at T/K = 298.15,
and all are either recommended values, have been derived from
recommended values by correlation gas chromatography, or
have been measured independently.10,17,18 The value of ethyl
octadecanoate was also evaluated by correlation gas chroma-
tography using an independent set of experiments. Details are
provided in the Supporting Information.
Equations used for the temperature dependence of vapor

pressure of the standards include the Cox equation, eq 4,17 a
third-order polynomial, eq 5,19 and the equation of Clark and
Glew, eq 6.18 All have been shown to extrapolate well with
temperature.10,13,15 The constants for these equations for all the
standards are also provided in Table 2. For methyl
pentadecanoate, the vapor pressures calculated from the
Clark and Glew eq were also fit to eq 5,19 which in turn was
used to calculate vapor pressure as a function of temperature.
The standards in this table also include compounds used to
evaluate the vapor pressures of ethyl octadecanoate as a
function of temperature.

= − · + +p p T T A A T A Tln( / ) (1 / ) exp( )o nb o 1 2
2

(4)

= + + +− − −p p AT BT CT Dln( / )o
3 2 1

(5)

θ θ θ θ

θ θ θ

= −Δ ° + Δ ° −

+ Δ − +

R p p G H T

C T T

ln( / ) ( )/ ( )[1/ 1/ ]

( )[ / 1 ln( / )]p

o cd
g

l
g

cd
g

,m (6)

2.5. Uncertainties. The standard deviations in the slopes
obtained from plots of ln(to/ta) verus 1/T obtained by linear
regression were less than 1 % of their value. The resulting
ΔHtrn(T) values were treated as errorless; values of ln(to/ta)
when plotted against ln(p/po) were treated similarly. Standard
deviations from the correlations involving Δl

gHm(298.15 K)
with ΔHtrn(T) and ln(p/po) with ln(to/ta) also obtained by
linear regression were evaluated from both the uncertainty in
the slope and intercept as (u1

2 + u2
2)0.5. All uncertainties from

this work are standard uncertainties unless specified otherwise.

3. RESULTS
3.1. Vaporization Enthalpies. The vaporization enthalpy

of muscalure was evaluated with the aid of five alkanes,
nonadecane to docosane and tetracosane, by correlating their
enthalpies of transfer measured at Tm/K = 500 K with
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vaporization enthalpies at T/K = 298.15. The results of one of

two correlations are reported in Table 3 and summarized by eq

7. Equation 8 summarizes the results of a second correlation,

both provided as a footnote in Table 3; complete details for

both are provided in the Supporting Information. Since

retention times were measured for both the major cis isomer

and a small amount of the trans isomer, vaporization enthalpies

for both were evaluated. Compounds are arranged in order of
their elution from the column.
A similar correlation is reported in Table 4 using various

esters as standards to accompany empenthrin. Details of a
second correlation are also provided in the Supporting
Information. Equations 9 and 10, also provided as footnotes
in Table 4, summarize the quality of the correlations. The
correlations for the esters while quite linear are characterized

Table 2. Vaporization Enthalpies and Parameters of the Cox Equation (eq 4), Third-Order Polynomial (eq 5), and Clarke and
Glew Equation (eq 6)

Cox Equation (eq 4)

Δl
gHm(298 K)17

kJ·mol−1 Tnb/K Ao A1/T A2/T
−2

nonadecane 96.44 603.989 3.27626 −2.06271·10−3 1.34673·10−6

eicosane 101.81 617.414 3.31181 −2.10222·10−3 1.34878·10−6

Third-Order Polynomial (eq 5)

Δl
gHm(298 K)19

kJ·mol−1 A·10−8/T3 B·10−6/T2 C/T D

heneicosane 106.8 ± 2.5 1.9989 −2.9075 −98.135 6.659
docosane 111.9 ± 2.7 2.1713 −3.1176 110.72 6.535
tetracosane 121.9 ± 2.8 2.5072 −3.5286 530.15 6.282
methyl pentadecanoate 89.29 ± 0.818 1.9732 −2.4605 −651.20 7.312

Clarke and Glew Equation (eq 6)

Δl
gHm(298 K)18 −Δcd

gG°(θ) Δcd
gH°(θ) Δl

gCp,m(θ)

kJ·mol−1 θ/K J·mol−1 J·mol−1 J·mol−1·K−1

methyl dodecanoate 76.59 ± 0.4 356 12737 ± 81 70740 ± 166 −101
methyl pentadecanoate 89.29 ± 0.8 372 9710 ± 345 79846 ± 209 −128
methyl hexadecanoate 96.84 ± 0.6 397 13771 ± 101 83320 ± 405 −137
methyl octadecanoate 105.87 ± 1.4 401 10273 ± 79 89968 ± 280 −155
methyl nonadecanoate 109.53 ± 2.7 326 −11567 ± 71 104980 ± 2400 −164

Table 3. Correlation of Enthalpies of Transfer with Vaporization Enthalpies: Muscalurea,b

−slope ΔHtrn(500 K) Δl
gHm(298 K) Δl

gHm(298 K)

Run 1 T/K intercept kJ·mol−1 kJ·mol−1 (lit) kJ·mol−1 (calc)

nonadecane −7248.5 13.567 60.26 96.4417 96.6 ± 0.9
eicosane −7630.8 14.012 63.44 101.8117 101.7 ± 0.9
heneicosane −8011.4 14.452 66.6 106.8 ± 2.510 106.8 ± 1.0
docosane −8390.5 14.893 69.76 111.9 ± 2.710 111.8 ± 1.0
muscalure, Z-9-tricosene −8583.6 15.038 71.36 114.0 ± 1.0
muscalure, E-9-tricosene −8555.5 14.966 71.13 114.4 ± 1.0
tetracosane −9149.8 15.783 76.07 121.9 ± 2.810 122.0 ± 1.0

aCorrelation equation from run 1: Δl
gHm(298.15 K)/kJ·mol

−1 = (1.61 ± 0.01)ΔHtrn(500 K) − (0.23 ± 0.7); r2 = 0.9999 (7). bCorrelation equation
from run 2: Δl

gHm(298.15 K)/kJ·mol−1 = (1.64 ± 0.01)ΔHtrn(400 K) − (3.46 ± 0.7); r2 = 0.9999 (8).

Table 4. Correlation of Enthalpies of Transfer with Vaporization Enthalpies: Empenthrina,b

−slope ΔHtrn(480 K) Δl
gHm(298 K) Δl

gHm(298 K)

Run 3 T/K intercept kJ·mol−1 kJ·mol−1 (lit)19 kJ·mol−1 (calc)

methyl dodecanoate 6065.2 12.479 50.42 76.59 ± 0.4 76.3 ± 4.6
empenthrin 1 6961.7 13.633 57.88 87.2 ± 4.8
empenthrin 2 6940.7 13.573 57.7 87.0 ± 4.8
methyl pentadecanoate 7251.4 13.861 60.29 89.29 ± 0.8 90.8 ± 4.9
methyl hexadecanoate 7652.4 14.339 63.62 96.84 ± 0.6 95.6 ± 5.0
methyl octadecanoate 8462.0 15.319 70.35 105.87 ± 1.4 105.5 ± 5.3
ethyl octadecanoate 8762.4 15.710 72.85 109.6 ± 4.4 109.1 ± 5.4
methyl nonadecanoate 8866.9 15.813 73.72 109.5 ± 2.7 110.4 ± 5.4

aCorrelation equation from run 3: Δl
gHm(298.15 K)/kJ·mol−1 = (1.46 ± 0.055)ΔHtrn(480 K) − (2.63 ± 3.59); r2 = 0.9944 (9). bCorrelation

equation from run 4: Δl
gHm(298.15 K)/kJ·mol−1 = (1.48 ± 0.056)ΔHtrn(480 K) − (2.56 ± 3.6); r2 = 0.9944 (10).
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with slightly more scatter than those obtained using the n-
alkanes. The empenthrin isomers that were separated by the
column are referred to as empenthrin 1 and empenthrin 2
based on their retention time. As with the hydrocarbons, the
compounds are listed in the order of their elution off the
column.
The results of all of the vaporization enthalpies evaluated in

the four runs are summarized in Table 5. The results of the two
sets of runs are in very good agreement. Comparison of the
results of the standards obtained by correlation with the
literature values are all within the experimental uncertainties
cited. The vaporization enthalpy results for Z- and E-9-
tricosene as well as for empenthrin 1 and 2 are quite similar to
and in agreement with the values estimated using eq 3.
3.2. Vapor Pressure. The demonstration that the vapor-

ization enthalpies of the standards correlate well with each
other as measured by their enthalpies of transfer also implies
that a good correlation between vapor pressures as measured by
residence time and vapor pressure as a function of temperature
is likely. Table 6 summarizes the results obtained at T/K =

298.15 when correlating ln(to/ta) with literature values of ln(p/
po) calculated with the aid of eqs 4 to 6 for both runs 1 and 2.
Since different standards were used in the first two runs,
separate correlations were performed for each run. Equations
11 and 12, also provided in the table, summarize the results.
Good linear correlations were achieved.
These correlations were also repeated using the results from

runs 3 and 4. In this case since the standards used for both runs
were identical, values of (to/ta) were calculated from each run at
T/K = 298.15, and the duplicate values for each compound
were averaged. The resulting values plotted as ln(to/ta)avg were
correlated with literature values of ln(p/po) also at T/K =
298.15. The results are reported in Table 7 and summarized by
eq 13a. The calculated values from the correlation reproduced
all literature values of ln(p/po) well within their experimental
uncertainty.
This process was then repeated at T/K = 10 intervals from

ambient temperature to T/K = 500 for the hydrocarbons and to
T/K = 480 for the esters. The correlation coefficient, r2,
exceeded 0.99 at all temperatures. Calculated values of ln(p/po)
for each compound were then fit to eq 5. The resulting
constants for eq 5 are reported in Table 8 along with normal
boiling temperatures calculated by extrapolating eq 5 until
ln(p/po) changed sign (1 atm). Since an additional standard,
nonadecane, was included in run 2, only the constants for run 2
are reported in Table 8. The constants of eq 5, the boiling
temperatures, and the vapor pressures at T/K = 298.15 for both
runs 1 and 2 are included in the Supporting Information.
Vapor pressures of the standards calculated by eq 5 using the

constants in Table 8 at T/K = 298.15 are reported in columns 2
and 3 of Table 9 and are compared to literature values reported
in column 4. The comparisons for both the hydrocarbon and
ester standards with literature values at T/K = 298.15 are within
the experimental uncertainties of the measurements. The
uncertainties in the calculated values were obtained using the
uncertainties associated with eqs 11 to 13. Finally, the boiling
temperatures estimated by extrapolation are compared to
experimental values in the last two columns of Table 9. Some of
the boiling temperatures are referenced to pressures other than
p/Pa = 101325. The experimental boiling temperatures are
reproduced with an error less than T/K = 5 for both
hydrocarbons and esters.

Table 5. A Comparison of the Vaporization Enthalpies at T/K = 298.15 (in kJ·mol−1) for Muscalure and Empenthrin and Their
Standards with Literature and Estimated Values (in Italics)

Run 1 Run 2 Run 3 Run 4 average lit.

nonadecane 96.6 ± 0.9 96.6 ± 0.9 96.44
eicosane 101.7 ± 0.9 101.7 ± 0.9 101.7 ± 0.9 101.81
heneicosane 106.8 ± 1.0 106.9 ± 0.9 106.9 ± 1.0 106.8 ± 2.5
docosane 111.8 ± 1.0 111.9 ± 1.0 111.9 ± 1.0 111.9 ± 2.7
muscalure, Z-9-tricosene 114.4 ± 1.0 114.3 ± 1.0 114.4 ± 1.0 110.9 ± 5.5a

muscalure, E-9-tricosene 114.0 ± 1.0 114.9 ± 1.0 114.5 ± 1.0 110.9 ± 5.5a

tetracosane 122.0 ± 1.0 121.9 ± 1.0 122.0 ± 1.0 121.9 ± 2.8
methyl dodecanoate 76.3 ± 4.6 76.3 ± 4.5 76.3 ± 4.6 76.6 ± 0.4
empenthrin 1 87.2 ± 4.8 87.2 ± 4.8 87.2 ± 4.8 94.5 ± 5.0a

empenthrin 2 87.0 ± 4.8 87.0 ± 4.8 87.0 ± 4.8 94.5 ± 5.0a

methyl pentadecanoate 90.8 ± 4.9 90.8 ± 4.9 90.8 ± 4.9 89.3 ± 0.8
methyl hexadecanoate 95.6 ± 5.0 95.6 ± 5.0 95.6 ± 5.0 96.8 ± 0.6
methyl octadecanoate 105.5 ± 5.3 105.5 ± 5.3 105.5 ± 5.3 105.9 ± 1.4
ethyl octadecanoate 109.1 ± 5.4 109.1 ± 5.4 109.1 ± 5.4 109.6 ± 0.7b

methyl nonadecanoate 110.3 ± 5.4 110.3 ± 5.4 110.3 ± 5.4 109.5 ± 2.7
aValues estimated using eq 3. bAn average of (109.4 ± 0.7) and (109.7 ± 0.7), ref 21.

Table 6. Correlation Between ln(to/ta) and Literature ln(p/
po) Values for Runs 1 and 2 at T/K = 298.15

Run 1 ln(to/ta) ln(p/po)lit ln(p/po)calc

nonadecane −10.74 −16.57 −16.6 ± 0.08
eicosane −11.58 −17.70 −17.7 ± 0.08
heneicosane −12.42 −18.84 −18.8 ± 0.08
docosane −13.25 −19.97 −20.0 ± 0.08
muscalure, Z-9-tricosene −13.73 −20.6 ± 0.08
E-9-tricosene −13.75 −20.6 ± 0.08
tetracosane −14.91 −22.18 −22.2 ± 0.09
ln(p/po) = (1.35 ± 0.0005)ln(to/ta)avg − (2.08 ± 0.057); r2 = 0.9999 (11)

Run 2 ln(to/ta) ln(p/po)lit ln(p/po)calc

eicosane −11.75 −17.70 −17.7 ± 0.06
heneicosane −12.58 −18.84 −18.8 ± 0.06
docosane −13.4 −19.97 −20.0 ± 0.06
muscalure, Z-9-tricosene −13.88 −20.6 ± 0.06
muscalure, E-9-tricosene −13.96 −20.7 ± 0.07
tetracosane −15.02 −22.18 −22.2 ± 0.07
ln(p/po) = (1.37 ± 0.003)ln(to/ta)avg − (1.608 ± 0.044); r2 = 0.9999 (12)
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4. DISCUSSION

Vapor pressures of p/Pa = (1.2 ± 0.1) ·10−4 and a vaporization
enthalpy of (114.4 ± 1.0) kJ·mol−1 at T/K = 298.15 and a
normal boiling temperature of Tnb/K = 656 has been evaluated
for Z-9-tricosene (muscalure) (see Note Added in Proof). The
two literature vapor pressures reported in italics in Table 9 for

Z-9-tricosene are estimated values. The value reported in
SciFinder Scholar by the ACD Laboratories of p/Pa = 4.2·10−4

is in reasonable agreement with the results of p/Pa = (1.2 ±
0.02)·10−4 obtained in this work. The experimental value in the
literature differs by order of magnitude larger. The method of
measurement is not known.20 The calculated boiling temper-

Table 7. Correlation between ln(to/ta) and Literature ln(p/po) Values for Runs 3 and 4 at T/K = 298.15a

Runs 3 and 4 ln(to/ta)run3 ln(to/ta)run4 ln(to/ta)avg ln(p/po)lit ln(p/po)calc

methyl dodecanoate −7.87 −7.78 −7.82 −12.08 −12.0 ± 0.5
empenthrin 1 −9.73 −9.63 −9.68 −14.4 ± 0.5
empenthrin 2 −9.72 −9.62 −9.67 −14.4 ± 0.5
methyl pentadecanoate −10.47 −10.38 −10.43 −15.12 −15.3 ± 0.5
methyl hexadecanoate −11.34 −11.24 −11.29 −16.49 −16.4 ± 0.5
methyl octadecanoate −13.08 −12.95 −13.01 −18.68 −18.5 ± 0.6
ethyl octadecanoate −13.69 −13.56 −13.63 −19.3 ± 0.6
methyl nonadecanoate −13.94 −13.81 −13.87 −19.52 −19.6 ± 0.6

aln(p/po) = (1.25 ± 0.032)ln(to/ta)avg − (2.24 ± 0.38); r2 = 0.9979 (13).

Table 8. Parameters of the Third-Order Polynomial, eq 5, and Predicted Normal Boiling Temperatures

Run 1 A·10−8/T3 B·10−6/T2 C/T D Tnb/K (calc)

nonadecane 1.754 −2.5667 −315.614 6.741 605
eicosane 1.9005 −2.7565 −155.328 6.657 618
heneicosane 2.0495 −2.9483 11.927 6.562 631
docosane 2.195 −3.1366 171.15 6.478 644
Z-9-tricosene 2.3635 −3.3132 508.541 6.048 656
E-9-tricosene 2.3393 −3.2956 431.078 6.173 656
tetracosane 2.481 −3.5092 476.514 6.329 667

Runs 3 and 4
methyl dodecanoate 1.8735 −2.2983 8.943 6.730 537.5
empenthrin 1 2.2259 −2.7594 598.286 6.288 567.9
empenthrin 2 2.2612 −2.7886 703.209 6.144 569.2
methyl pentadecanoate 2.5324 −3.085 1314.607 5.460 418.9
methyl hexadecanoate 2.7423 −3.3388 1721.331 5.075 603
methyl octadecanoate 3.152 −3.8363 2504.867 4.344 457
ethyl octadecanoate 3.3509 −4.08 2879.859 4.001 449.4
methyl nonadecanoate 3.2679 −3.988 2696.756 4.202 650

Table 9. A Summary of Liquid/Subcooled Liquid Vapor Pressures and Normal Boiling Temperatures and Comparison with
Experimental or Estimated Values (in Italics)

(104)·p(l)/Pa (298.15 K) (calc) (104)·p(l)/Pa

Run 1 Run 2 (298.15 K) (lit.) Tnb/K (calc) Tnb/K (lit.)

nonadecane 64.3 ± 5 64.5a 605 604a

eicosane 20.8 ± 1 20.9 ± 1 20.9a 618 617a

heneicosane 6.7 ± 0.2 6.6 ± 0.4 6.7b 631 630c

docosane 2.2 ± 0.2 2.2 ± 0.1 2.2b 644 642c

Z-9-tricosane 1.2 ± 0.1 1.1 ± 0.1 85d, 4.21e, 47k 449f 453f

E-9-tricosene 1.2 ± 0.1 1.0 ± 0.1 4.21e 656 nag

tetracosane 0.23 ± 0.02 0.24 ± 0.2 0.24b 667 664h

Runs 3 and 4
methyl dodecanoate 6060 ± 3500 5850i 537.5 540j

empenthrin 1 594 ± 380 141k,l, 230l 567.9 568.7m

empenthrin 2 601 ± 383 141k,l, 230l 569.2 568.7m

methyl pentadecanoate 233 ± 155 279i 418.9 414.2j

methyl hexadecanoate 79 ± 55 71i 455.6 458.2h

methyl octadecanoate 9.2 ± 7.0 8.0i 457 455.2m

ethyl octadecanoate 4.3 ± 3.4 40e 449.4 443.2n

methyl nonadecanoate 3.1 ± 2.5 3.5i 650 nag

aReference 17. bReference 10. cReference 22. dReference 23. eReference 24. fBoiling temperature at p/Pa = 133, ref 25. gNot available. hReference
26. iReference 18. jReference 27. kAt T/K = 296.7, ref 20. lReference 6. mReference 28. nBoiling temperature at p/Pa = 267, ref 21.
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ature of Tb/K = 449 at p/Pa = 133 from this work is in good
agreement with the experimental value of Tb/K = 453
measured at the same pressure and provides some independent
support of the vapor pressures calculated by correlation. The
estimated vaporization enthalpy of (110.9 ± 5.5) also compares
favorably with the results of this work. A vapor pressure of (1.1
± 0.02)·10−4 and a vaporization enthalpy of (114.5 ± 1.0) kJ·
mol−1 at T/K = 298.15 and a normal boiling temperature of
Tnb/K = 656, has been evaluated for E-9-tricosene.
Vapor pressures of p/Pa = (594 ± 380)·10−4 and (601 ±

383)·10−4 and vaporization enthalpies of (87.2 ± 4.8) and
(87.0 ± 4.8) kJ·mol−1 at T/K = 298.15 and normal boiling
temperatures of Tnb/K = (567.9 and 569.2) have been
evaluated for empenthrin 1 and 2, respectively. The vapor
pressure of p/Pa = 140·10−4 evaluated by an undisclosed
method for empenthrin20 is somewhat less than the values
evaluated in this work. However the value reported by
Tsuzuki26 of p/Pa = 230·10−4, evaluated using a variant of
the GC retention time method as reported by Hamilton,8 is
within the experimental uncertainty of the results reported
here. Tsuzuki’s measurements used dibutyl and di(2-ethyl-
hexyl) phthalate as vapor pressure standards.6 At the start of
this work, it was not clear how well the vapor pressure of simple
esters could be reproduced using the vapor pressure of diesters
as standards. In this case they appear to have provided a
reasonable value. In addition to empenthrin, Tsuzuki also
reported vapor pressures of a series of other synthetic
pyrethroids containing additional functional groups using the
same diester standards. It remains to be seen whether similar
agreement with other measurements will be achieved in those
cases as well.
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■ NOTE ADDED IN PROOF
A normal boiling temperature, Tnb/K = 651.2, has been located
for Z-9-tricosene, reference 20.
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