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For this reason previous researchers used inher ently nonlinear
methods such as neural networks for the description of fluoroalkane
boiling points. 4 A manual graphical fitting method was used to descr ibe
the bps of fluoroethanes or, separately, of fluorop ropanes, and allowed
some predictions. ® Portability, parsimony, and predictive power of th ese
methods, however, are less than desirable. Alternat ively, multilinear
regression (MLR) models required six mostly electro static and quantum
chemical descriptors for describing the bps of 42 f luoroalkanes (s =
6.3°C). ® Accepting fluoroalkane boiling points as a challen ge we were
curious on the viability of a model of the simplest kind for the boiling
points of this class of compounds, i.e. a multiline ar regression model
based on simple descriptors that are directly deriv ed from molecular
structure. This is by no means an easy task, as ill ustrated by the fact
that for fluorobutanes alone boiling points between -2 and +110°C have
been reported, and even among the restricted set of tetrafluorobutanes

bps vary between 17 and 110°C.

METHODS

Dat a. Boiling points at normal pressure of C 1 — C 4 fluoroalkanes
(herein given in °C) were taken from the literature 35911 and checked
against the Beilstein database in order to avoid fi tting wrong data. A
few compounds/boiling points found in Beilstein onl y were also included.
In cases of marginal divergence between boiling poi nts reported in the
sources the average was taken. In cases of major di vergence boiling
points were excluded. This resulted in a data set o f83C ;-Cq,
fluoroalkanes with boiling points, i.e. all 42 poss ible fluoromethanes
through fluoropropanes plus 41 (out of 116 possible , ighoring
stereoisomerism) fluorobutanes. We did not normally examine the primary
sources given in Beilstein, and thus cannot exclude the remote
possibility that a few bp values accepted here may be calculated rather
than experimental values. 12 This is the most comprehensive collection of

lower fluoroalkane bps of which we are aware.

Boiling points were attributed reliability clas ses as in our earlier
studies: " Boiling points appearing in the Beilstein database only once
are in reliability class 0, those measured at least twice by independent
researchers with a difference of at most 4°C are in class 1, those
measured at least four times by independent authors and differing no more

than 2°C are in reliability class 2. According to t his measure, the data



used in the present study are on average of lower g uality than those in
our previous studies, with many fluoroalkane bps re ported only once.
Information on reliability, though not used in the calculations, proved
useful for identification of dubious bp data and in the selection of

reference data.

The bp reported for 1,2-difluorobutane, FH ,C-CHF-CH,-CH3, 39°C,
reliability class 0, is obviously unreasonable and was therefore
excluded. * For 1,2-difluoroethane, FH 2C-CH,F, we used the bp value
10.5°C, as was done in most previous studies. 4615

Descri pt or Cal cul ati on. We used our software MOLGEN-QSPR that combines

structure generation with calculation of many molec ular descriptor values
and with data treatment by various statistical meth ods. "*? For a set of
compounds structurally rather homogenous such as th e fluorinated alkanes,
substructure and fragment counts could be anticipat ed to be valuable
descriptors. % 1n fact, in previous studies such descriptors had been
extensively used. 6 So, in addition to the descriptors offered routine

by MOLGEN-QSPR,! we included in this study substructure counts and

fragment counts. 18

Substructure counts are automatically provided by MOLGEN-QSPR, a
substructure is a part of the hydrogen-suppressed m olecular graph. For
example, counts of all substructures of one to four bonds were requested,
and these substructures were generated and counted: C-C, C-F, C-C-C,
F-C-F, C-C-F, C-C-C-C, C-C(C)-C, F .C-C, F-C-C-F, F  3C, C-C-C-F, C-C(C)-F,
FsC-C, F ,C-C-F, C-C(F)-C-C, C-C-C-C-F, C-C(C)(C)-F, C-C(C)- C-F,
F-C-C-C-F, F-C-C(C)-F, F »C-C-C, C-C(C)(F)-F. MOLGEN rule for substructure
counts: Two realizations of the same substructure a re counted separately
if they differ in at least one bond, i.e. if they d iffer in at least one

(non-H) atom.

In contrast, a fragment is a part of the full m olecular graph, it may
therefore include hydrogen atoms. A fragment is def ined by the user and
searched for by the system on request. For example, counts of the

following fragments were used in this study:

H-C-F, H-C-C-F (according to Woolf 5.

CHR, CH ,F (according to Carlton %);

CH;, C-CH ,-C, C-CH(C)-C, C-CHF-C, FH 2C-CHF, FHC-CHF.

MOLGEN rule for fragment counts: Two realizations o f the same fragment

are counted separately if they differ in at least o ne non-H atom.



For example, by this rule 1,1,1,2,3-pentafluoropropane, F 3C-CHF-CH,F,
contains 2 H-C-F and 5 H-C-C-F fragments.

In Woolf's study % realizations of a fragment are counted separately
if they differ in at least one atom (which may be a n H atom). By this
rule F 3C-CHF-CH,F contains 3 H-C-F fragments and 6 H-C-C-F fragment S.
Counts of H-C-F and H-C-C-F fragments obtained by t his rule (HCF man @nd

HCCR.an) were manually added to our data.
Further descriptors based on physical concepts were included in the
descriptor pool:
bip = n(CHF ;) +n(CH ,F) (bipolar groups, Carlton %);
tbip = bip + n(C-CHF-C) (total bipolar groups);

xsF=N g-=n(CH ,F)-N 4+ n(CHF )), unless this number is negative, in which

case xsF is set to 0 (excess exterior fluorine atom s°);

n(CF3) 2, n(CH 3)% n(CF 3)-n(CH 3) (Woolf ).

Finally, descriptors (relN F) 2= (N g/number of all atoms) 2and (Frate) 2=
(NE(2N <+2)) 2 were included to account for the bp maximum mentio ned in the

introduction.

In the step-up procedure " the parameter N model WaSs always set to 1000.

RESULTS AND DISCUSSION

Prelim nary study. For comparison with the results of Ivanciuc et

al., ®we initially treated their data using our descript ors and

statistical procedures. For this purpose compound s tructures and boiling
points were taken from Balaban et al., %2 as described in ref. 8.

Unfortunately, Ivanciuc et al. reported results for asetof42 C 1-C4
fluoroalkanes, whereas Balaban’s data %2 include 43 fluoroalkanes. So one
compound is missing in lvanciuc’s study, but we do not know which one.

For the 43 fluoroalkanes MOLGEN-QSPR found the best 6-descriptor MLR

model as follows. (In the text we characterize a ML R model by the
descriptors involved and by its r 2s, F,r 2, and s  values, the latter

two refer to leave-one-out crossvalidation. For ful I models see Table 1.)

Xu™ %Y, “Xp, S(ssssC), n(F-C-F), n(F-C-C-F) (model 0a)
r2=0.9883, s =4.624, F =508, r 2, =0.9826, s o =5.652, N = 43. 19.20
Xu™is the modified Xu index, 1721 g(ssssC) is the sum of

electrotopological state indices of carbon atoms be aring no hydrogen, 2

n(F-C-F) and n(F-C-C-F) are counts of the respectiv e substructures. 18



This result is to be compared to the previously bes t 6-descriptor MLR
model, which comprises one topological, two electro static, and three
guantum-chemical descriptors:

r=0.989 (r 2=0.9781), s =6.3, F =267, N =42. 8

So even without any quantum-chemical descriptor bet ter results than in

reference 8 are achievable.

Mai n st udy. For the larger set of 82 C 1-C 4 fluoroalkane bps
(83fluoroalkanes.md4) the step-up procedure found the best multilinear 6

descriptor model

Xu™ 2TC', 3TM1, HCCFpan (reIN  §) 2, n(FH ,C-CHF)=vicdiF (model 1)
r2=0.9845,s=5.140, F =793, r 2, =0.9812, s o =5.679, N = 82.
(83fluoroalkanesmodell.gspr)

2TC' and °TM1 are Bonchev overall indices, 2 HCCFanis the number of HCCF
fragments as counted by Woolf, ® and n(FH ,C-CHF) is the count of fragment
FH,C-CHF.

The best 7-descriptor model found is

Xu™ 2P, S(ssssC), n(F-C-F) =sub4 , n(F-C-C-F)  =sub9, (reIN ) 2, n(FH ,C-CHF)
=vicdiF (model 2)
r?2=0.9872,s=4.701, F= 815, r 2, =0.9840, s o =5.252, N = 82.
(83fluoroalkanesmodel2.gspr)
2P is the number of paths of length 2 in the H-suppr essed molecular
graph.

Figure 1 is a plot of experimental vs calculate d bps (by model 2) and
of the corresponding bps obtained by leave-one-out crossvalidation.

(Figure 1)
Table 2 (83fluoroalkanesTab.txt) lists experimental and calculated

bps (by model 2) and residuals.

(Table 2)
Figure 2 visualizes the results separately for fluorinated methanes,
ethanes, propanes, and butanes. By inspection, the guality of data
description is similar in all four subpopulations. In fact, the average

absolute error for the 4 fluoromethanes, 9 fluoroet hanes, 29



fluoropropanes, and 40 fluorobutanes is 3.72, 3.13,

respectively.

(Figure 2)
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The combination of global descriptors such as t opological indices on
the one hand and substructure and fragment counts o n the other has proven
itself to be very useful in QSPR work. 1218 Eragment counts offer the
scientist some flexibility to react whenever in a Q SPR equation several
compounds containing a particular structural elemen t have similar
residuals. In fact, in this study fragment count n( FH,C-CHF) was included
in the descriptor pool after preliminary QSPR model s had resulted in
large positive residuals for compounds FH ,C-CHF-CH;, FH ,C-CHF-CH,F, F ,HC-

CHF-CHF, FH ,C-CHF-CHF-CH;F.
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Figure and Table Captions

Fi gure 1. Plot of calculated (by model 2, white disks, and b y leave-one-
out crossvalidation, black disks) vs experimental b oiling points of 82

fluoromethanes through fluorobutanes.

Fi gure 2. Plot of calculated (by model 2, white disks) and e xperimental
(black disks) boiling points of lower fluoroalkanes vs number of F atoms

in the molecule.

Tabl e 1. Full MLR models for the boiling points of lower fl uoroalkanes.
Tabl e 2. Experimental and calculated boiling points (by mod el 2),
residuals and structures of compounds in the learni ng set.

Tabl e 3. Predicted boiling points (by model 2) for 76 fluor obutanes not

included in the learning set.

Tabl e 4. Experimental (with reliability) and predicted boil ing points
(extrapolations by model 2), residuals and structur es of 18

fluoropentanes.
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Tabl e 1. Full MLR models for the boiling points of fluoroal kanesC ;—C ..

bp = 83.2226-Xu  ™-25.1841- %' -12.2045. “X, -5.21304-S(sssSC)
—34.247-n(F-C-F) —9.2969-n(F-C-C-F) —41.3515 (model 0a)

bp = 67.3463-Xu  ™-1.13857- 2TC' +0.092004- 3TM1 + 2.35049-HCCF man
—81.9815-(relN ) 2+8.5278-n(FH  ,C-CHF) —75.3646 (model 1)

bp = 64.6756-Xu  ™-5.51401- 2P —2.05454-S(ssssC) —18.0512-n(F-C-F)
-3.88042-n(F-C-C-F) -53.7732-(reIN F) 2+7.49879-n(FH  ,C-CHF) —72.4514
(model 2)



Tabl e 2. Experimental and calculated boiling points (by mod el 2),

residuals and structures of compounds in the learni ng set.
bp calc residual  structure

1 -15 -18.461  3.4608 F3C-CF2-CH3

2 12 8.8309 3.1691 F3C-CH(CH3)2

3 24.5 34.612 -10.112  F3C-CH2-CH2-CF3

4 32.5 33.345 -0.84489 F2HC-CHF-CF2-CF3

5 35 36.325 -1.3245  F2HC-CF2-CHF-CF3

6 26.5 28.468 -1.9683 FH2C-CF2-CF2-CF3

7 -51.657.615  6.015 CH2F2

8 41  38.948 2.0525 FH2C-CH2-CH2F

9 21  24.266 -3.2656  F3C-CHF-CH2F

10 -78.574.602 -3.8977  CH3F

11 11 12.337 -1.3371  F2HC-CF2-CHF2
12 75 6.8761 0.62385 F2HC-CH2-CH3

13 6 8.5232 -2.5232  F3C-CHF-CHF2

14 -9.7 -7.9039 -1.7961  H3C-CHF-CHS3

15 -13 -11.543 -1.4566  F3C-CH2-CHS3

16 -19 -15.058 -3.9422  F3C-CHF-CF3

17 -78 -80.728 2.7278 F3C-CF3

18 -82 -80.509 -1.4914  CHF3

19 -128 -124.53 -3.4678 CF4

20 -2.55.2042 -7.7042  FH2C-CH2-CH3

21 -38 -40.317 2.3172 F3C-CF2-CF3

22 -0.5-8.2093 7.7093 H3C-CF2-CH3

23 29.4 19.518 9.8823 FH2C-CH2-CF3

24 -0.8 -1.8548 1.0548 F3C-CH2-CF3

25 -17 -14.227 -2.7734  F3C-CF2-CHF2

26 4 8.7202 -4.7202  FH2C-CHF2

27 325 40.107 -7.6066 FH2C-CH2-CH2-CH3
28 25 26.239 -1.2392  H3C-CH2-CHF-CH3
29 18 20.385 -2.3849  F3C-CH2-CF2-CF3
30 44 40.696 3.3041 FH2C-CF2-CF2-CHF2
31 15 16.08 -1.0797 F2HC-CF2-CF2-CF3
32 -1.7 -8.222 6.522 F3C-CF2-CF2-CF3

33 -21 -18.188 -2.8124  F2HC-CHF2

34 -25 -28.634 3.6339 F2HC-CHS3

35 -26.2-30.827 4.6274 F3C-CH2F

36 -37.532.05 -5.4501 H3C-CH2F

37 -47 -46.807 -0.19339 H3C-CF3

38 22 26.457 -4.4568  FH2C-CH(CH3)2
39 12 8.0471 3.9529 FC(CH3)3

40 215 17.311 4.1892 F3C-CH(CH3)-CF3
41 40 38.896 1.1044 F3C-CH(CF3)-CH2F
42 12 14.324 -2.324 F3C-CH(CF3)2

43  -0.3 -2.8219 2.5219 F3C-CF(CF3)2

44 77  T72.755 4.2453 FH2C-CH2-CH2-CH2F
45 31 24.239 6.7612 H3C-CF2-CH2-CH3
46  10.4513.729 -3.2793  FH2C-CH2F

47 25 24475 0.52489 F2HC-CF2-CH2F
48 40 39.381 0.61881  F3C-CH2-CF2-CHS3
49 17  27.505 -10.505 H3C-CF2-CF2-CH3

a
o

34.3 28.713 5.587 F3C-CHF-CHF-CF3



18.7 15.386

40.5 32.565
-0.8 6.7237

-0.5 -5.8336
-48.547.81

14.5 13.168
N/A  N/A
110 104.63

46.5 48.489

57.5 58.762
53.5 52.786
53.5 54.186
455 41.217

43.5 41.032

3.2418 FH2C-CHF-CH3
4.2836 FH2C-CHF-CH2F
3.3139 FH2C-CF2-CH3
-8.1773  FH2C-CF2-CH2F
1.7859 F2HC-CH2-CHF2
5.1425 F2HC-CHF-CH3
7.1577 F2HC-CHF-CH2F
7.9347 F2HC-CHF-CHF2
-7.5237 F2HC-CF2-CH3
-2.4684  F2HC-CH2-CF3
5.3336 F3C-CHF-CH3
-0.69021 F3C-CHF2
-5.904 F3C-CH2-CH2-CH3
1.6153 F3C-CF2-CH2F
6.216 F2HC-CH2-CH2F
1.3321 F3C-CF2-CF2-CH3
N/A FH2C-CHF-CH2-CH3
5.3736 FH2C-CHF-CHF-CH2F
0.078154 F2HC-CH(CHF2)-CH2F
-3.2 F2HC-CH2-CHF-CHS3
-0.087709 F2HC-CH2-CF2-CH3
-1.9886 F2HC-CHF-CH2-CH3
-0.15337 F2HC-CHF-CHF-CH2F
-10.296  F2HC-CF2-CHF-CH2F
-1.2616  F2HC-CF2-CHF-CHF2
0.71424  F2HC-CF2-CF2-CH2F
0.96883 F2HC-CH(CF3)-CH2F
-0.68606 F3C-CH2-CH2-CH2F
4.2827 F3C-CH2-CHF-CHS3
-4.4108 F3C-CF(CH2F)-CF3
-6.5708 F3C-CHF-CF2-CH2F
2.4682 F3C-CF2-CH2-CH2F
-0.47348 H3C-CHF-CHF-CHS3



Tabl e 3. Predicted boiling points (by model 2) for 76 fluor

included in the learning set.

©Co~NOoO U WNBE

pred
60.655
57.084
56.527
74.234
84.396
91.5
72.891
13.334
57.735
55.436
37.226
27.303
67.773
37.525
26.182
54.727
61.012
84.728
76.046
81.767
78.127
90.422
57.286
72.219
12.765
36.563
46.804
51.909
45.708
54.435
35.614
38.588
78.235
59.576
85.333
66.052
62.093
55.365
74.77
71.455
53.27
76.202
32.82
21.114

30.614
36.945
56.465
63.937
56.525
70.555

N_F structure

w
oY TN CICTACICICTARMNDAMDMAMAAMDMDANDAPRPPOTLOOOWN

OO,

FH2C-CHF-CH2-CH3
FH2C-CH2-CF2-CH3
FH2C-CH(CH3)-CHF2
FH2C-CHF-CHF-CH3
HC(CH2F)3
FH2C-CH2-CHF-CH2F
FH2C-CH2-CH2-CHF2
F3C-CF(CH3)2
FH2C-CF(CH3)-CHF2
FH2C-CF2-CHF-CH3
F2HC-CF2-CH2-CH3
F2HC-CH(CH3)2
FH2C-CHF-CF2-CH3
FH2C-CH(CH3)-CF3
F3C-CHF-CH2-CH3
F2HC-CH(CH3)-CHF2
F2HC-CHF-CHF-CH3
FC(CH2F)3
FH2C-CF2-CH2-CH2F
FH2C-CH(CH2F)-CHF2
FH2C-CH2-CHF-CHF2
FH2C-CHF-CH2-CHF2
H3C-CH(CH2F)2
F2HC-CH2-CH2-CHF2
H3C-CH2-CF2-CF3
FH2C-CF(CH3)-CF3
FH2C-CF2-CF2-CH3
F2HC-CF(CH3)-CHF2
F2HC-CF2-CHF-CH3
F2HC-CHF-CF2-CH3
F2HC-CH(CH3)-CF3
F3C-CHF-CHF-CH3
F2HC-CF(CH2F)2
FH2C-CH2-CHF-CH3
FH2C-CF2-CHF-CH2F
F2HC-CF2-CH2-CH2F
F3C-CH(CH2F)2
F3C-CHF-CH2-CH2F
F2HC-CH2-CF2-CH2F
F3C-CH2-CHF-CH2F
F3C-CH2-CH2-CHF2
F2HC-CHF-CH2-CHF2
F3C-CHF-CF2-CH3
F3C-CF2-CHF-CH3

F2HC-CF(CH3)-CF3
F2HC-CF2-CF2-CH3
F3C-CF(CH2F)2
FH2C-CF2-CF2-CH2F
F3C-CH2-CF2-CH2F
FH2C-CF(CHF2)2

obutanes not
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

63.883
70.716
56.962
53.199
33.949
67.226
72.746
74.796
10.139
34.269
49.162
38.604
45.348
48.594
61.602
35.561
52.567
51.596
39.393
33.102
11.224
17.926
62.477
45.854
37.003

NWWOOOVOONNWNNNANNNINNOOODOODOO WO OO O

F2HC-CF2-CH2-CHF2
F2HC-CHF-CF2-CH2F
F3C-CH2-CHF-CHF2
F3C-CHF-CH2-CHF2
F2HC-CF(CH3)2
F3C-CHF-CHF-CH2F
HC(CHF2)3
F2HC-CHF-CHF-CHF2
H3C-CF(CF3)2
F3C-CHF-CH2-CF3
F3C-CF2-CHF-CH2F
F3C-CF2-CH2-CHF2
F3C-CH2-CF2-CHF2
F3C-CF(CH2F)-CHF2
FC(CHF2)3
H3C-CF2-CHF-CH3
F3C-CH(CHF2)2
F3C-CHF-CHF-CHF2
F3C-CF(CHF2)2
F2HC-CH(CF3)2
F3C-CF2-CHF-CF3
F2HC-CF(CF3)2
H3C-CF(CH2F)2
FH2C-CF2-CH2-CH3
FH2C-CF(CH3)2
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Tabl e 4. Experimental (with reliability) and predicted boil ing points
(extrapolations by model 2), residuals and structur es of 18

fluoropentanes.

bp rel. pred residual  structure
1 45 1 39.974 5.0256 FC(CH3)2-CH2-CH3
2 47 1 55.931 -8.9313  F3C-CH2-CH2-CH2-CH3
3 5 1 60.057 -5.0569  H3C-CHF-CH2-CH2-CH3
4 47 1 55.92 -8.9197 H3C-CF2-CF2-CH2-CH3
5 75 1 75.356 -0.35596 H3C-CF2-CH2-CF2-CH3
6 56 1 57.845 -1.8451  FH2C-CH(CH3)-CH2-CH3
7 3951 41.699 -2.1994  F3C-CF2-CF2-CH2-CH3
8 82 2 79.563 2.437 F2HC-CF2-CF2-CF2-CH2F
9 63 2 73.321 -10.321  FH2C-CH2-CH2-CH2-CH3
10 47 1 40.543 6.4565 F3C-CH2-CF(CF3)2
11 68 1 67.426 0.57367 F2HC-CF2-CF2-CF2-CHF2
12 45 2 44.043 0.95673  F3C-CF2-CF2-CF2-CHF2
13 54 1 60.32 -6.3204  FH2C-CH2-CH(CH3)2
14 29 2 20.863 8.1366 F3C-CF2-CF2-CF2-CF3
15 30 2 21.463 8.5366 F3C-CF2-CF(CF3)2
16 41 1 38.573 2.4265 FH2C-C(CH3)3
17 61 1 53.602 7.3975 H3C-CH2-CF2-CH2-CH3
18 60 1 57.546 2.4541 H3C-CF2-CH2-CH2-CH3
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Fi gure 1. Plot of calculated (by model 2, white disks, and by

leave-one-out crossvalidation, black disks) vs experimental

boiling points of 82 fluoromethanes through fluorobutanes.
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Fi gure 2. Plot of calculated (by model 2, white disks) and

experimental (black disks) boiling points of lower fluoroalkanes

vs number of F atoms in the molecule.
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