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A Simple “Back of the Envelope” Method for Estimating
the Densities and Molecular Volumes of Liquids and Solids

Gregory S. Girolaml

The University of lllinois at Urbana—Champaign, 505 South Mathews Avenue, Urbana, IL 61801

Liquids are commonly measured out by volume rather
than by massyso to establish the number of maoles of liquid
uzed we must know the liquid’s density. TTsually, this is not a
problem because the needed value can often be found in ref-
erence texts, such as the CRC handbook, in supplier’s cata-
logues, or in the original literature. Oceasionally, however,
the density of a liquid is not available, and one is left with the
{ask of measuring the value experimentally. Sometimes, the
desired value can be estimated by interpolation. For exampie,
the density of dimethylethylphosphine PMe,Et was recently
estimated by interpolation of the known densities of
trimethyl- and triethylphosphine (1). Usually, no such inter-
polative method is suitable because appropriate reference
compounds cannot be identified.

Over the years, several sophisticated methods have
been developed that can be used to caleulate the densities
of organic and inorganic species, and recent developments
in this area have dealt with the development of computer-
based algorithms (2—4). Here [ describe a simple and re-
markably accurate method for estimating the density of
liguids “on the back of an envelope”. The method deseribed
has proven to be very useful in our own research. Despite
its simplieity, it is aceyrate to within 0.1 g em™ for a wide
variety of liquids, and oftph gives estimates that ave within
2 or 3% of the actual density. I also deseribe a modification
of the method that allows one to caleulate the molecular
valumes of zolids for use in cryatallographic investigations.

The molecular weight (W) of a liquid iz easily calculated
from itz molecular formula; the molecular weight is related
to the mass of an individual molecule by Avogadro’s con-
stant. Because density is equal to mass divided by volume,
we need only find a simple method for estimating the vol-
ume of an individual molecule, This can be done as follows.
Assume that a hydrogen atom has a volume of 1. On this
seale. cavbon and the other elements in its row have rela-
tive volumes of about 2, whereas silicon and the other ele-
ments in its row have relative volumes of about 4. A sum-
mary of the relative volumes of all of the elements is shown
in the table at the top of the next column,

The scaled valume of a molecule is then simply the sum
of the volumes of its constituent atoms. If we denote this
sum by the symbol Vs then the density of a given liquid can
be caleulated from the following simple formula.

W
d=5v;

(1)
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element rel. volume
H T
1=t short pariad, Li—- F 2
2nd short period, Na - Cl 4
151 bong pericd, ¥ — Br 5
2nd long peried, Rb — | 7.5
3rd long pericd, Cs — Bi 9

where the factor of 5 allows the density to be expressed in
units of g em™.

Example Density Calculations

For example, the density of PMe;Et can be caleulated
from eq 1 as follows,

Dimethylethylphosphing (CakHh1P)

W =90

V=14 2 pill= 1)+ (1 x4y=23
__9%0 _ 3
_5K23_0.T8gcm

interpolated value (7 0.76 g em™

To a first approximation, only the stoichiometry of the
liquid is important and not its actual molecular structure.
Consequently, isomers of a compound should all have ap-
proximately the same density. This often turns out to be
the case. For example, acetone has a density of 0.79 g em™,
whereas propionaldehyde has a density of 0.80 g em™. The
formula predicts 0.83 g em™ for both.

increased Densitias

Certain classes of liquids have densities that are consis-
tently higher than those predicted by the formula. Among
these (not surprisingly} are molecules that have hydrogen-
bonding groups or rings. More accurate densities for such
liguids can be obtained if the density caleulated from eq 1
is inereazed by 109 for each of the following structural fea-
tures present in the molecule,

& a hydroxyl group

» a carboxylic acid group

« g primary or secondary amino group

« an amide group (ineluding N-substituted amidea)



+ a sulfoxide (S=0) groupt 307

+ an unfused ring

For fused rings, the density should be in-
creazsed by 7.5% per fused ring, so the den-
sity of naphthalene derivatives should be in-
creased by 15%. If a molecule contains
several of the siruetural lfeatures in the list
above, the density should be increased by no
more than 30% of the density calculated
from eq 1.

The following examples illustrate these
rules,

Cyclohexanol {CeH120) 1.01

A ring and one hydroxyl group; correction
factor = 1.2

caled densities

.5

W= 100 05

Vo= B w2y 4 (120 1) + {1 % 2) = 26

1.2 104

S e -
T 092 gem

0.006);
actual value: 0,963 g em™

Ethylenadiaming (CzHa )

Two primary amine groups; correction factor = 1.2
W = 60
Vo=2x)+@Bx1)+(2x2)~ 16

_Lixel

d—w—ﬂ.gﬂ gcm

actual value: 0.B99 g em™?

Sulfolane (CaHa(kS)

A ring and two S=0 bonds; corvection factor = 1.3
W=120
Vesidw Bl +Bx L)+ 2x2p+(lxd)=24

_1.3x120

=1.30 B
524 & e

actual value: 1.262 g cm™®

1-Bromonaphthalene {CioHz Br)

Two fused rings; correction factor = 1.15
W =207
Vo= ({10=2) +{Tx 1) +(l =5 =32

1.15 = 207
T

actual value: 1.483 g em’ 3

=14fg em™?

"Malecules that have two oxygen atoms doubly bonded to sultur
{sulfores) count as having two S=0 groups and should have their
densities increased by 10% for each oxygen atom, or 20% in all.

*Gordon, A. J.; Ford, R. A. The Chemist's Companior;, Wiley: New
York; 1972, p 4. Three errors in the table {the densities of 2-amino-
propaneg and iron pentacarbonyl, and the molecular weight of CCLF)
were comected.

The room temperature densities of liquids with low boiling points
generally are less than those predicted by the formula. This is no
surprize: As liquids appraach Iheir boiling points, the intermolecular
forces weaken considerably.

For inorganic acids, the density should be increased by 10% for
each oxygen atom that bears an acidic proton. Interestingly, the pre-
dicted density of water is 0,95 g em™2,

14 1.5 2.0 25 a0
exptl densities

Correlation between observed dansities and those calculated from eq 1 after correcting
far the presance of functional groups. The ling drawn is
R =0.982.

jQ'ast squares fit (F=1.01x—

Accuracy of the Method

The agreements between the observed and calculated
densities for the compounds above are excellent, but from
these examples alone it is not possible to evaluate whether
the apreements are fortuitous or generally applicable. The
reference book The Chemists Companion gives a list of 180
prganie golvents and their densities.? OFf these, the solids
imp > 30 °C) and gases (bp < 40 °C) were excluded from
consideration.? The experimental densities of the remain-
ing 166 liquids were compared with the densities calcu-
lated from eq 1 after correction for the presence of groups
in the list above. The correlation is excellent (see the fig-
ure); in only two cases (acetonitrile and dibromochlo-
romethane) does the error exceed 0.1 g em™, The rms error
for all 166 liquids is only 0.049 g cm™.

The table in The Chemist’s Companion also liatz 23 in-
organic liquids, and eq 1 yields densities that are accurate
to within 7% for nearly all of these.* Remarkably accurate
densities are calculated for such diverse inp_l;ganic liquids
as those given in the table below. b

calculatad axparimental
ifon pantacarbonyl 156 T 149
tin tetrachloride 222 223
bromine 3.20 312
1.69 1.73

fluarosulfanic acid

Certain inorganic liquids, such as SOy and ShF:, are ex-
tensively associated via oxygen or halopen bridges. (30, is
a cyelic trimer, whereas ShFs is polymeric in the liquid
state.} These liguids should be considered inorganic ring
compounds and the densities caleulated from eq 1 should
be increased by 10%.

Dernivation of Equation 1

The relative volumes of the elements and the factar of 5
in the denominator of eq 1 can be derived as follows from
tables of van der Waals radii. Specifically, the van der
Waals radii of nitrogen, oxygen, and fluorine are 1.5, 1.4,
and 1.35 A (5). However, if we make the simplification of
adopting a common van der Waals radius for the elements
C, N, O, and F, then a reasonable value is the average of
Movembar 1904 963
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the van der Waals radii of nitrogen and oxygen: 1.45 A
Taking 1.15 A for the van der Waals radius of a hydrogen
atom, we can compute the relative volumes of these ele-
ments as in the table below where the scale factor relaling
the last two columns is 6.40 A,

rrent W 4 rel. val.
glams fud iﬂfunmj
H ¥1.15 640 100
ist short period 1.45 12.8 2.00

Similar zimplifications can be made to deduce average
van der Waals volumes for the heavier congeners, and it is
found that their sealed valumes are near those given in the
full table presented previously. Note that the average van
der Waals radius of the first short-period elements is
slightly smaller than the van der Waals radius of carbon;
the van der Waals radius of 1.15 A listed above is also
glighily smaller than Pauling’s 1.2 A. These features make
it unnecessary to correct for overlap of the van der Waals
spheres invalving atoms that are covalently bonded to each
other.

The volume of a malecule in cubic Angstroms will then
he given hy&ngg. where Vs is the sum of the relative vol-
umes of the constituent atoms. However, Pauling’s van der
Waals radii were derived from solid state data, and a cor-
rection must be made for liquids. If we assume that liquids
have effective van der Waals radii that are about 10%
larger than the solid state values, then the yolumes of
molecules in a lquid are about 30% larger than the solid
state values, The volume in cubic Angstroms for a mole-
cule in a liquid is therefore (1.3 x 6.40)V5, or 830V,

Onee the meolecular volume has been caleulated, it is
trivial Lo compute the density. The mass of an individual
molecule is given by WiN,.,, where N, is Avogadro’s con-
stant, 6.022 = 102, Dividing this molecular mass by the
molecular volume gives.

_ W{mzd zia.-'cmg] W
(6.022 x 10%78 80V, 5.00Vy

where the result. is expressed in g em ®.

Application to X-Ray Crystallography

These results are albo gf use in erystallographic studies.
Specifically, the initial sdlution of a crystallographic data
et iz often facilitated if the number of molecules residing
in the unit cell (symbolized by Z) can be established. The

maolecular volumes of both organic and inorganic solids can
be caleulated from the 6.4V formula® From this number
and the total volume of the unit cell (which can be directly
determined from the diffraction pattern), it is simple to de-
termine 7. For example, some years ago we synthesized a
coordination complex of titanium that formed crystals
clearly containing several maolecules per unit cell (6). The
nurmber of molecules per unit cell was estimated as follows.

[t-BuSiji CHaPMea )z [THCO)4 {C1?F'F33ﬂ4p33f'ﬁj
Ve=(0Tx2) = E33x1p+04 B A (L d) + (1= ) =06

molecular volume = 5.4Vg = 614 Al
unil eell volume (determined experimentally) = 3832 A
molecules per unil vell = 3822/ 614 = 6.2

actual value: 8

Conclusion

The methods described above for the estimation of den-
sities and molecular volumes are surprisingly accuraie
and very simple. The information necessary to compute
these physical properties is easily memorized: equation 1;
the series 1, 2, 4, ... for the relative volumes of hydrogen
and the succeeding rows in the periadic table; and a short
list of functional group corvections. Apart from their utility,
the methods may also provide interesting insights into the
molecular origins of the physical properties of liquids and
solids.
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SFor coordination complexes, crystallographers have long used
even simpler rules of thumb: The molecular volume of a solid in cubic
Angstroms is approximately equal to 20 times the number of non-hy-
drogen atoms. Alternatively, we have noted that melecular velumes
in A% are often close to 10 fimes the total number ot atoms. The 6.4 Vg
tormula gives more accurate molecular valumes than gither of these
mlles,

A Simple Means of Reclaiming Microliter Syringes

Over-cathusiastic pumping of 10-pL GO syringes (either during injection or while cleaning with solvents) often
m™ in the harrel, Such syringes, otherwise ruinad, can olten
to snap the barrel at the 6-pL mark and smooth the cut end
with sbrasive cloth or paper. Rinse the syringe, taking care that the abrasive powder does not enter the barrel. Check
that the the wire plunger can operate satisfactorily in the eut-dewn syringe and trim it (without bending) 2o that it is
aboul 2 em longer than the barrel itsell. Make a replacement plunger “handle” by pulting a wide-bare needle centrally
down a amall rubber stopper. Thread down the needle the appropriate length af plunger wire. Withdraw the needle a0
that the stopper grips the plunger wire. Rinse the barrel and plunger with a little ethanel to produce a perfectly
serviceable replacement syringe, quite adequate for dispensing the usual 1-2 pL volumes used for GC analysis.

canges the wire plunger bo become hent and thus apl to %ja
be reclaimed by the following procedure. Use a glass cutier
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