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Effect of Number of Carboxyl Groups on Liquid Density of Esters of

Alkylcarboxylic Acids

Joseph C. Phillips* and George J. Mattamal
National Bureau of Standards, Washington, D.C. 20234

Liquid-density data for esters covering a molecular weight
range of 88-939 (monocarboxylics; dialkyl esters series;
triglyceride esters series; and oligomeric ester series) and
a temperature range of 0-242.8 °C have been empirically
fitted to about 1% to an equation of the form p = A + KA2
+ I/(T), where ) is a function of the absolute temperature,
T, number of carboxyl groups, N¢oo, and the molecular
weight, M; K is a function of T, Ncoo, and N, (number of
methylene groups). The equation in its limiting form may be
used to estimate densities of poly(carboxylic esters) from a
knowledge of the structure of the repeating unit. Data for
the monocarboxylics were obtained from published values,
those of the sebacate series and trigiyceride series were
measured dilatometrically and that of the oligomeric ester
series was measured by a capillary method. The resuits
show a rather strong dependence of the density on N¢oo.

Liquid density is a very useful bulk property of a substance.
Sometimes in practice, experimental difficulties such as stability
and quantity of material reduce the accessibility of this property.
Thus, for estimation purposes, correlations are available for
compounds in general (2) and polymers specifically (2, 74). In
this paper we present an empirical equation for the calculation
of liquid density for carboxylic esters. The relation was derived
from data on monocarboxylics, a sabacate series, triglyceride
series, and an oligomeric series. Data for the monocarboxylics
were obtained from published values ( 76), those for the sebacate
and triglyceride series were measured dilatometrically, and those
for the oligomer series were measured by a capillary method.
The results presented here show that the density of an alkane
molecule is affected rather strongly by carboxyl addition to the
chain. Other properties of carboxylic esters, e.g., liquid heat
capacity (11, 12), heats of vaporization (771), flexibility, and
entropy of fusion (2, 8), show similar effects.

Analysis of Data

Liquid-density data used for this study are presented in Tables
|-lV. Data for the monocarboxylic esters were obtained from the
literature ( 16); data for the sebacate and triglyceride series were
measured conventionally using a mercury-calibrated dilatometer
( 70) with uncertainties of less than 1%; and data for the oli-
gomeric series were measured with a mercury-calibrated cap-
iliary tube (77, 13) with uncertainties of less than 1%.

The data in this study were treated according to a general
equation used for polymer properties ( 1, 4), e.g., density, tensile
strength, refractive index, etc. The form of the equation is given
as

P=a/My+b (1)

where P is the property, a and b are parameters of the given
system, and M, is the number-average molecular weight. As
shown in Figure 1 in contrast to the n-alkanes, the homologous
series of polar compounds (e.g., COOH, COO, OH) shows non-
linear effects with respect to density as a function of the recip-
rocal of the molecular weight. Such nonlinearity may be ade-
quately taken into account for the carboxylic esters by a sec-
ond-order expansion (4) of a term similar to the first term of the
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right side of eq 1. Thus, the density in grams per cubic centimeter
may be expressed as

p=X+ KN+ 1D (2)
where A and K are empirically defined as
A = (B(NNcoo + A(M/M (3)

and

Ny +
K= I:C(T)—z__D(_T):l Neoo (4)

F(T,Ncoo)

The functions /{7, A(T), B(T), C(T), DXT), and F(T,Ncgo) are
linear functions of the absolute temperature, T, the latter being
also a function of the number of carboxyl groups, Neoo, Nz is
the number of methylene groups, and M is the molecular weight.
As indicated by eq 3, the slope of p vs. 1/Mhas been separated
into an alkane portion, A(T), and a portion depending on the
number of carboxyl groups, B(T)Ncoo. In eq 4, the function K
is chosen such that K = 0 for the limits of Ngcop = 0 and Neoo
= » (i.e., a8 M — w).

Parameters from n-Alkane Data. For Ncoo = 0,eq 3 and 4
reduce, respectively, to A = A(T)/Mand K = 0. Thus, for the
n-alkanes eq 2 yields

p = (A(D/M) + 11T 6)

The data in Table V were used to evaluate A(T) and /(T) ac-
cording to eq 5 by plotting p vs. 1/M at constant temperature;
the slope and intercept were linearly least-squares fitted to
temperature T to give

A(T) = —0.04639T — 2.453 (6)
and
(1) = —0.0005281T + 1.0014 (7)

The standard errors of estimate for eq 6 and 7 are, respectively,
0.37 and 0.0023.

Estimation of B(T) from Oligomer Data. At infinite molecular
weight, the coefficient K = 0 and fromeq 3

lim X\ = B(N(Ncoo/ Mo (8)
M—>

where (Nocoo/ M)g in eq 8 is the ratio of the number of carboxyl
groups in the repeating unit to the molecuiar weight of the unit.
By substituting eq 8 into eq 2, the density at infinite chain length
becomes

ps = B(M(Neoo/ Mo + (T ©)

From the oligomer data in Table 1V, a plot of p vs. 1/M extrap-
olated to 1/M = 0 at 30, 50, 72, and 100 °C yields p.. at each
respective temperature. By utilizing eq 9, the function, B(T), was
determined to be

B(T) = —0.04690T + 42.2 (10)

where the standard error of estimate of eq 10 is 0.47.
Equation 9 may also be used to estimate the densities of other
poly(carboxylic esters) at infinite chain length. In Table VI we
show comparative calculations of three polymers. Structure
uncertainty as a consequence of polymerization (3, 6, 9, 75)
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Figure 1. Liquid densities vs. the reciprocal molecular weight at 30 °C
of various classes of compounds: n-fatty acids (A), carboxylic esters
(@); n-alcohols (B); n-alkanes (solid line).
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Figure 2. Liquid density calculated according to eq 2 at 30 °C of car-
boxylic esters vs. the reciprocal molecular weight and indicated car-
boxyl content. The dotted line connects the three points in the oli-
gomeric, poly(hexamethylene sebacate) esters for Nooo = 2, 4, 6, . . .,
and Ncoo = 0 represents the n-alkanes.

renders the calculated result uncertain. For poly(decamethylene
sebacate) and poly(decamethylene adipate), the oxygen atom
and carbonyl group forming bonds with the end groups were
taken as equivalent to a carboxyl group (0=CO-); the as-
sumption here is used only as an aid in simplifying the calculation
of p». Thus, if p data are known, one may utilize eq 9 to de-
termine (Ngoo/ M)o which may aid structure assignment of the
repeating units.

Evaluation of the Coefficient K. The parameters C(T) and
D(T) were evaluated from eq 4 by assuming that for the mono-
carboxylic esters (Ngoo = 1) the function F{T,Ncoo) = 1, i.e.

K/Ngoo = C(NINz + DXT) (1

By calculating K from eq 2 [i.e., K = (p — /(T) — A)/A?], the
slope and intercept of eq 11 at constant temperature, T, were
found by fitting linearly K/Ncoo vs. Ns for data in Table 1. Thus,
the functions C(T) and X T) were determined to be

C(T) = —0.0103T + 1.94 (12)
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Table Il. Atmospheric Liquid Density, p, as a Function of Temperature for Linear Esters of Sebacic Series

o}
|

CH, ('CHZ)XOC(CHQ)SQO(CHz)xCHS (x =3-17)

Liguid density,2 g/cm?

Empirical
Compd formula Mol wt 301.25 K 331.05 K 371.25 K 420.35 K 468.25K 51595 K
Di-n-butyl sebacate C,,;H,,0, 314.45 Exptl 0.9382 0.9179 0.8901 0.8432 0.8047 0.7664
Calcd 0.9437 0.9176 0.8832 0.8417 0.8002 0.7574
% dev  —=0.586 0.0326 0.775 0.178 0.559 1.17
Di-n-hexyl seba- C,,H,. 0, 370.34 Expti 0.9267 0.9267 0.8731 0.8365 0.7993 0.7655
cate Calcd 0.9274 0.9029 0.8708 0.8318 0.7930 0.7530
% dev  —-0.0755 0.0332 0.263 0.562 0.788 1.63
Di-n-octyl C,¢H;, O, 426.00 Exptl 0.9132 0.8911 0.8639 0.8306 0.7945 0.7583
sebacate Calcd 0.9156 0.8923 0.8618 0.8247 0.7877 0.7498
% dev  =0.263 -0.135 0.243 0.710 0.856 1.12
Di-n-decyl C,oHs: 0O, 482.79 Exptl 0.8827 0.8536 0.8180 0.7858 0.7458
sebacate Calcd 0.8842 0.8548 0.8192 0.7837 0.7473
% dev -0.170 -0.140 -0.147 0.267 -0.201
Di-n-dodecy! Cs,Hy O, 539.00 Exptl 0.8713 0.8436 0.8103 0.7795 —-0.7465
sebacate Catcd 0.8779 0.8495 0.8149 0.7805 0.7454
% dev -0.757 -0.699 —-0.568 -0.128 0.147
Di-n-tetradecyl C,sH.. 0O, 595.00 Exptl 0.8394 0.8061 0.7739 0.7438
sebacate Calcd 0.8451 0.8114 0.7780 0.7438
% dev —-0.679 -0.657 -0.530 0.00
Di-n-hexadecy! C,;H;,0, 651.36  Exptl 0.8367 0.8038 0.7726 0.7403
sebacate Calcd 0.8416 0.8086 0.7759 0.7425
% dev -0.586 -0.597 -0.427 -0.297
Di-n-octadecy! C,sH,, O, 707.36  Exptl 0.8319 0.8021 0.7706 0.7378
sebacate Caled 0.8386 0.8062 0.7741 0.7414
% dev -0.805 -0.511 -0.454 —0.488

a Average error, 0.481%; standard error of estimate, 0.352.

and

D(T) = —0.0309T7 + 5.96 (13)
where the standard errors of estimate of eq 12 and 13 are, re-
spectively, 0.09 and 0.28.

For Neoo = 2, 3, 4, and 6, the function F(T,Ngoo) was deter-
mined from eq 4, 12, and 13, i.e.

F(T,Ncoo) = (C(TIN; + DX )/ {(K/ Neoo) (14)

or, F(T,Ncoo) may be defined approximately as independent of
N, and separated as

F(T,Ncoo) = ANcoo) T + G{Ncoo) (15)

The coefficient K'in eq 14 was again determined from eq 2. From
the sebacate (Ngoo = 2) and triglyceride (Ncoo = 3) data, the
function F(T,Ngoo) calculated from eq 14 was averaged for each
temperature, while only one value of the function could be cal-
culated for the oligomer data (Neoo = 2, 4, 6). These results for
the three series are summarized in Table VII with error estimates
given for the averages. By utilizing eq 15, the functions f{Ngoo)
and &Ngoo) were determined from least-squares fits of
F(T,Ncoo) vs. T at each Ngoo; for Nego » 2 the data for the
sebacate and oligomer were used together to determine the
functions f2) and 2); the other results for Noog = 3, 4, and 6,
including error estimates and polynomial fits of the functions
fiNcoo) and G{Ncoo), are also included in Table Vil.
Determination of Liquid Density. The calculated values for
the liquid densities of this study utilizing eq 2, 3, and 4 are given
in Tables |-V, the average error and the standard error of esti-
mate of the average are also included in each table with the
upper limit of the error being about 1% . Structural changes other
than those considered here such as branching and odd- and
even-numbered differences can produce fluctuations in the
density, but these variations are generally within the 1% bound
given by our density equation. In Figure 2 we show calculations
utilizing eq 2, 3, and 4 at 30 °C. The results show a rather strong

and increasing dependence of density on the number of carboxyl
groups, Ngoo. Only at high carboxyl content and high molecular
weight does the density become linear with Ngop and 1/M, but
the dotted line in Figure 2 for the oligomer series (Ngoo = 2, 4,
6, . . .) shows an approximate linear dependence on 1/M over
the range of molecular weights studied [extrapolate . data for
whole polymers of poly(hexamethylene sebacate) (M, =
623-3516) show deviation of about 2% compared with values
of the oligomer series ( 73)]. In contrast to the results shown in
Figure 2, recent data show that other properties such as liquid
heat capacity (71, 72) and heats of vaporization ( 77) decrease
with increasing carboxyl content relative to the n-alkanes. Such
property variations are not uncommon, for example, cyclopar-
affins and aromatic systems show similar kinds of differences
for heats of sublimation (2).

The use of eq 2, 3, and 4 may be further clarified by showing
a typical calculation. For example at T = 515.95 K, the results
for Tristearin (Cs7H;1006) are the following: Nggo = 3, M =
890.50, N, = 50, A(T) = —26.39, B(T) = 18.00, /{T) = 0.7289,
A =0.03101, ¢(T) = —3.37, D{T) = —9.983, iNcoo) = 0.5871,
G(Neoo) = —129, F(T,Ncoo) = 173.9, K = —3.079; therefore,
p =0.03101 — 3.079(0.03101)2 + 0.7289 = 0.7564 (deviation
= —0.866%).

Conclusion

From the knowledge of the structure, the results presented
here allow liquid density of carboxylic esters to be estimated to
about 1% as a function of molecular weight and temperature
over the experimental ranges shown. Density at infinite chain
length may also be estimated for poly(carboxylic esters), if the
structure of the repeating unit is known, but, if such is not the
case and p., data are available, then one may estimate (Ngoo/

M)o.
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Table l1l. Atmospheric Liquid Density, p, as a Function of Temperature for Triglyceride Series

CH,(CH,),COCH,CHCH,OC(CH, ), CH,

|
?
C|=O
(Cl:Ha)x
CH, (x = 2~16)
Liquid density,4 g/cm?
Exmpircal
Compd formula Mo! wt 301.25K 331.05K 371.25 K 420.35K 468.25 K 51595 K
Tributyrin C,:H,. 0O, 302.37 Exptl 1.0263 0.9990 0.9620 0.9181 0.8740 0.8268
Calcd 1.0266 1.001 0.9635 0.9148 0.8655 0.8149
% dev  -0,0292 -0.200 -0.156 0.359 0.972 1.44
Tricaproin C,1Hs3 04 386.50 Exptl 0.9690 0.9451 0.9121 0.8741 0.8305 0.7934
Calcd 0.9798 0.9580 0.9253 0.8829 0.8397 0.7953
%dev =1.11 -1.36 -1.45 -1.01 -1.11 -0.239
Trioctanoin C,,H;, 0 470.69 Exptl 0.9453 0.9229 0.8923 0.8568 0.8244 0.7890
Calcd 0.9517 0.9318 0.9018 0.8630 0.8235 0.7830
% dev  —-0.677 -0.964 -1.06 -0.724 0.109 0.760
Tridecanoin C,3H,,0 554.86 Exptl 0.9339 0.9025 0.8731 0.8384 0.8043 0.7711
Caled -0.9330 0.9142 0.8860 0.8496 0.8125 0.7745
% dev 0.0963 -1.30 —-1.48 -1.34 -1.02 —0.441
Trilaurin C;oH,, O, 639.02 Exptl 0.8963 0.8674 0.8327 0.8013 0.7673
Calcd 0.9016 0.8746 0.8398 0.8045 0.7683
% dev -0.591 -0.830 —0.853 -0.399 -0.130
Trimyristin C.sH:6 O 723.18 Exptl 0.8607 0.8275 0.7947 0.7656
Calcd 0.8660 0.8325 0.7984 0.7636
% dev -0.616 -0.604 -0.466 0.261
Tripalmitin C, H;: O 807.34  Exptl 0.8547 0.8209 0.7895 0.7614
Calcd 0.8594 0.8267 0.7937 0.7599
% dev -0.550 -0.706 -0.532 0.197
Tristearin Cs,H,,,0 890.50 Exptl 0.8477 0.8145 0.7791 0.7504
Calcd 0.8540 0.8221 0.7898 0.7569
% dev -0.743 -0.933 -1.37 -0.866

a Average error, 0.733%; standard error of estimate, 0.429.

Table IV. Atmospheric Liquid Density, p, as a Function of Temperature for Linear Oligomer Esters of Poly (hexamethylene

sebacate)
CH,(CH,);00C(CH, ), COO[(CH,),O0C(CH,),CO0] ,—,(CH,);CH, (x=1,2,3,...)
Liquid density,4 g/cm?
Empirical
X formula Mot wt 284.35 K 298.15 K 313.45K 332.10 K 354.70 K 373,95 K
1 C,,H,,0, 370.34 Expt! 0.9359 0.9253 0.9129 0.9006 0.8836 0.8711
Calcd 0.9418 0.9300 0.9172 0.9020 0.8840 0.8687
% dev  —0.630 -0.508 -0.471 -0.471 —0.0450 0.276
312.65 K 334.65K 345.15K 360.95K
2 CuH. 0 Of 654.56 Exptl 0.9655 0.9478 0.9360 0.9298
Calcd 0.9648 0.9504 0.9424 0.9298
% dev 0.0725 -0.274 -0.684 0.00
327.85 K 357.75 K 377.15 K
3 C:,H;: 04, 938.78 Expt 0.9738 0.9504 0.9370
Calcd 0.9692 0.9536 0.9370
% dev 0.472 -0.337 0.00

a Average error, 0.302%; standard error of estimate, 0.238.
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Table V. Liquid Density Data for n-Alkanes Used for the Evaluation of A(7) and I'(T) According to Eq 5. Data Were Taken

from Ref 16
Liguid density, g/cm?
Compd Mol wt 20°C 50 °C 100 °C 150 °C 200°C 250°C 300°C
C,H 100 0.6838
CsH,, 114 0.7026 0.6782 0.6350
C,H,, 128 0.7176 0.6942 0.6532 0.6086
CioHas 142 0.7379
C,H,, 156 0.7402 0.7180 0.6800 0.6393 0.5947
C,,H,, 170 0.7490
C,sH,e 184 0.7563 0.7349 0.6985 0.6604 0.6201
C..H, 198 0.7628
C.sH,, 212 0.7683
C,sHa, 226 0.7736
C,oH.2 282 0.7358
CasHse 394 0.7555 0.7235 0.6910 0.6578 0.6226
CieH.y 506 0.7671 0.7357 0.7048 0.6730 0.6399

Table VI. Atmospheric Densities at Infinite Chain Length of Some Poly(carboxylic esters) Estimated According to Eq 9

P, g/cm?
Polymer Repeating unit Ncoo/M), T, °K Exptl Calcd % dev
Poly (decamethylene seba-  [O(CH,),,00C(CH,),CO] ¢ 0.005882 382.15 0.9378> 0.9424  -0.490
cate)
Poly (decamethylene [O(CH,),,00C(CH,),CO] 0.0070422 382.15 0.9732b  0.9706 0.267
adipate)
Poly (hexamethylene [(CH,),O0C(CH,),CO0] ¢ 0.00704722 345.15 1.00154  1.0023 0.0799
sebacate)
aFrom ref 5. b From ref 7. ¢ From Table IV. d Extrapolated from oligomer data in Table IV.
Table Vil. Determination of the Functions F{T,Ncoo), FiNcoo), and GIN:og) According to Eq 14 and 15
F(T,Ncoo)?
No. of No. of Ncoo =4 Ncoo =6
T, K Ncoo=2 values Ncoo=3 values (1 value) (1 value)
284.35 18.4 1
298.15 21.3 1
301.25 235+ 2.1 45,1+ 59 4
312.65 299
313.45 23.6 1
327.85 1571
331.05 29.0+ 3.9 5 55.0 + 6.0 5
332.1 29.6 1
334.65 478
345.15 322
354.7 34.8 1
357.75 2877
360.95 749
371.25 36.5+ 13.8 8 72.6 £ 9.1 8
373.95 46.5 1
377.15 19137
420.35 55.4 + 42.2 8 95.2 + 26.8 8
468.25 14.7 + 144 8 291 : 511 8
515.95 60.4 + 136 8 79.8 + 370 8
f(Ncoo)? 0.1219 0.5871 7.849 329.8
G(Ncoo)© —11.52 —129 —2194 —108,966
Std error 11.7 78.5 133 5356

@ For sebacate (Nopop = 2) and triglyceride (Ncoo = 3), the function was averaged for the number of values given at tem-
perature, T, with the standard error of estimate as the estimate of precision; for the oligomers (Ncoo = 2, 4, 6), only one
value of function was calculated at T. b Polynomial fitted equation: f(Ncpp) = 46.003 — 97.386N¢pp + 69.8978N 00>
—20.6906Ncpp® + 2.17663Ncop - € Polynomial fitted equation: G(Ncpp) = —16131.5 + 34023.1Ncpp — 24289.9N00?

+ 7144'53NC003 - 745'181NCOO4'
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Glossary

A(D empirical linear function of absoiute tempera-
ture

B(T empirical linear function of absolute tempera-
ture

c(n empirical linear function of absolute tempera-
ture

mn empirical linear function of absolute tempera-
ture

AT.Ncoo)  empirical function of the absolute temperature and
the number of carboxyl groups.

"n empirical linear function of absolute tempera-
ture

K [C(T)NQ + aT)]/F(T,Ncoo), coefficient of A?

A [B(NNcoo + A(DI/M

M moiecular weight

N» number of methylene groups per molecule

Ncoo number of carboxy! groups per molecule

(Ncoo/ M)  ratio of number of carboxyl groups of the re-
peating unit to the molecular weight of the
unit

P density, g/cm?®

Pes density at infinite chain length, g/cm?®

T absolute temperature, K
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Vapor Pressure of Di-fert-butyl Peroxide

Doren Indritz,* Jack Stone, and Frederick Williams

Chemistry Division—Code 6 180, Naval Research Laboratory, Washington, D.C. 20375

The vapor pressure of di-tert-butyl peroxide was
determined and a predictive equation for its calculatton is
given. The molar heat of vaporization was calculated as
7.63 kcal.

Di-tert-buty! peroxide is quite useful as a source of free rad-
icals in kinetic studies (2) and in high-temperature polymeriza-
tions (5). Di-tert-butyl peroxide, uniike the lower alkyl peroxides
such as dimethyl, methyl ethyl, and diethyl, is rather stable to
both heat and shock. It will decompose oxidatively and thermally
at elevated temperatures but not with the severity associated
with the fower alky! peroxides. A cool flame, the emission of 1A,
H,CO, from the oxidative decomposition of di-tert-butyl peroxide
has been observed at approximately 550 K (6). At room tem-
perature di-tert-butyl peroxide is quite stable and safe to handie
(3). Dimethyl peroxide, however, is extremely shock sensitive
and must be handled with utmost care.

In using di-tert-butyl peroxide as a radical source, it can be
delivered by passing an inert gas stream through the liquid
peroxide. The vapor concentration of peroxide is dictated by its
vapor pressure. Therefore, the vapor pressure was measured
and fitted to the integrated Clausius—Clapeyron equation. A value
for the molar heat of vaporization of the peroxide was also cal-
culated.

Experimental Section

The di-tert-butyl peroxide obtained from Matheson Coleman
and Bell (Stock no. BX2020) was assayed by MCB at 99.7%
purity with GC and IR spectra.
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Table I. Vapor Pressure of Di-tert-Butyl Peroxide

Temp, °C Pressure, Torr Temp, °C Pressure, Torr
—26.5 1.806 —4.0 7.695
—23.0 2.351 —-3.0 7.709
—22.0 2.952 —3.0 8.660
—22.0 2.950 2.0 10.040
-22.0 2.825 40 11.324
—22.0 2.657 6.0 12.40
—22.0 2.459 10.0 15.08
-21.0 2.612 10.0 15.54
—20.5 2,925 14,0 19.08
—18.0 3.603 14.0 18.90
—17.5 3.491 16.0 20.29
—16.0 4.037 17.0 22.11
—16.0 3.933 20.0 27.24
—14.0 4.003 20.0 24.73
-12.0 5.371 24.0 30.40
—-12.0 5.065 240 28.84
-10.0 5.350 25.0 31.34

—9.0 5.517 30.0 38.67
-7.0 7.192 31.0 39.65
-55 7.3086 31.5 38.88
—5.0 7.936 33.0 39.186
—4.0 8.319 38.0 49.94
—4.0 7.740 40.0 48,14

Standard vapor pressure measurements were made by al-
lowing an excess of liquid to equilibrate in an enclosed system
resting in a Haake Mode! FK constant-temperature bath. Integral
to the enclosed system was an MKS Model 144 Baratron for
pressure measurements (£0.001 Torr for less than 11.500 Torr
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