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A study of surface tension measurements in m-xylene has shown that new hybrid 1H-1,2,3-triazoles and
tetrazoles bearing perfluoroalkylethyl and -methyl substituents in combination with n-alkyl (lipophilic),
n-alkoxymethyl (mildly hydrophilic), or methoxy(triethylenoxy)methyl (hydrophilic) substituents do
have considerable surfactant properties. The properties of those with lipophilic substituents, especially
those with alkyl chains of 8 carbons (or possibly more) border on erratic, while those with mildly
hydrophilic or hydrophilic substituents exhibit highly predictable behaviour that is consistent with
current understanding of surfactants. The change from two methylene spacer groups (perfluoroalk-
ylethyl) to one methylene spacer group (perfluoroalkylmethyl) [equal to increasing the fluorine content],
and the change from triazole to tetrazole nucleus, impart very significant increases on surface activity,
whereas increases in the chain length of n-alkyl or perfluoroalkyl substituents have incremental effects.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Some of the first hybrid fluorous surfactants [1] comprised
semifluorinated alkanes [2,3] and molecules with a perfluoro-
carbon chain and a hydrocarbon chain attached through a common
carbon to a sulfate [4], or other, polar headgroup. Numerous others
have emerged bearing perfluoroalkyl chains and either lipophilic
or hydrophilic groups, or in some cases both, but almost invariably
the groups have been joined by a saturated carbon, single
heteroatom or flexible, simple functional group [5,6], sometimes
in combination with a benzene ring [7-10]. Highly fluorinated
amphiphiles, with a more formal, modular design and systematic
variations within the components of the molecules [11,12], have
been investigated for use as drug carriers and delivery systems [8].
More recent designs have yielded organised assemblies of
detergent-solubilised membrane proteins, guided by two-dimen-
sional arrays of free standing fluorous surfactants [13], and have
foundations in membrane protein extraction using fluorosurfac-
tants [14,15].

In the absence of a polar headgroup there can be other novel
and intriguing possibilities for aggregation in different solvents
[9,16,17]. We have established an interest in the design of hybrid
fluorous surfactants that are based on relatively small, planar
heterocycles [18]. One motivation for constructing hybrid fluorous
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surfactants around heterocycles was to provide modularity to the
synthesis, but another was to impose added constraints and order
to the surfactant system. Potential benefits of this order on the
resulting architectures of any fluorous aggregates, was likely to
come from formation of stable, disk-like assemblies brought about
by ring stacking and self associated polyfluoroalkyl side chains (see
Fig. 1) [19]. These differ somewhat from related porphyrin [20]
and other larger organometallic ring systems. Ultimately, these
secondary structures have the potential to organise into attractive
aggregates such as micelles and liposomal structures with obvious
applications in transport as functional materials. There are only
isolated examples of simple, hybrid fluorous molecules in which
the central element is heterocyclic [21-27], and few have been
studied for their surfactant or self-assembly properties.

This paper describes the influence of fluorous 1,2,3-triazoles
and tetrazoles on surface tension as a means of probing surfactant
properties of the molecules.

We have had some experience in the use of fluorous tagging
methods through acetal formation [28], and have recently reported
on the synthesis of fluorous triazoles [19,29] and on an improved
method of alkylation of fluorous tetrazoles [30]. Elsewhere, only a
few examples of fluorous surfactant-like modals based on 1H-
1,2,3-triazoles have been described, although none have highlight-
ed the potential of the materials as surfactants. Thus, perfluor-
ooctylethyl azide and 3,5-di(perfluorooctyl)phenylmethyl azide
have been used to react with a range of alkyne substrates,
including a modified cinchonidine molecule, as part of a general
tagging methodology [31]. Of more relevance, a 1-(perfluoroocty-
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Fig. 1. Potential (a) secondary structures with disordered, helical or layered self assembly, (b) orientation of parallel mono-layered structure in a biphasic system, and (c)
bilayer tertiary structures with (i) matching and (ii) intercalated helices or (iii) in parallel bilayers derived from self assembly of hybrid surfactants.

lethyl)-1,2,3-triazolyl)-TEMPO derivative was described as a
recyclable catalyst for aerobic oxidation of alcohols to carbonyl
derivatives [26a] and slower oxidation of sulfides to sulfoxides
[26b]; very recently, 4-phenyl-1-(perfluorooctylethyl)-1,2,3-tria-
zole was demonstrated to be recyclable as an organocatalyst for
the aldol reaction [27]. A related cycloaddition approach has been
described towards 5-polyfluoroalkylated 1,2,3-triazoles, especially
those with a,a-difluoroalkyl substituents [22], and more recently,
the copper(I) promoted cycloaddition between a limited range of
polyfluoroalkyl azides (R/CH,Ns;, where Ry=CF3, CF,CF,H, and
(CF,)sCF3) and terminal alkynes (RCCH, where R = Ph, C4Hg, CgH13,
CH,OTHP, CH,0Ac) was used to generate polyfunctional, 1,4-
disubstituted 1,1-dihydro-perfluoroalkylated triazoles in a highly
regioselective manner [23]. Again, this latter work was not directed
towards surfactants, although the report of compounds in which
Rf=(CF;)sCF5; and R=C4He and CgHy3 were of relevance to the
current paper.

There has been one systematic study of surfactant properties of
fluorous amphiphiles derived from triazoles [25]. It examined
water-soluble 4- and 5-monocarboxylic acid and 4,5-dicarboxylate
1-(2-perfluoroalkylethyl)-1,2,3-triazole derivatives whose surfac-
tant properties, surface tension in particular, were measured at the
air-water interface. Surface tension, vy, was reduced by 30-
35mNm~! at concentrations of 1.2-10.0 x 10~2 mol dm~3. This
is typical of classical fluorous surfactants [3,32,33]. Elsewhere, the
physicochemical properties of neutral perfluoroalkylated acrylic
acid/alkyl methyacrylate/trimethylamine co-oligomers have been
measured [34]. Surface tension of these substances was measured
at air-organic interfaces, and reductions of 30mNm™! at
concentrations of 10-150 x 10> mol dm—> were measured in
m-xylene. Proprietary vaseline oil had much earlier been used to
measure surface activity of hybrid polyfluorocarbon-hydrocarbon
substances that were immiscible in water, but anomalies were
recognized that were suggested to be due to viscosity issues with
the compounds [35]. m-Xylene has advantages as a solvent for
measurements as it has a relatively high surface tension amongst

organic solvents, yet can dissolve fluorinated materials, and has
been used very successfully in measuring critical micelle
concentrations and surface activity of perfluoroalkylbenzenes
[36]. Notably, in neither of the carboxylic nor acrylic acid cases
above were critical micelle concentrations achieved, probably due
to solubility issues, rather than the absence of aggregation
phenomena.

These studies provided background for the studies of surfactant
properties in this paper.

Rl R’ R2 m.p. °C (ref) N
N e
\L CsFg nCyHy 48-51(18)  CFys” N° °N
N,N\\N C4F9 n-CeHys 54-57 (18) =
\—{ C4Fg n-CgHy7 69-70 (18) R?
- - a
R2 CGF13 n C4Hg 79-81 (18 R2 m.p. °c (ref)

10 n-CqHy 102-103 (42)
11 n-CgHyz 101-102 (42)
12 n-CgHy; 107-108 (42)

)
CeFis n-CeHis 84-852 (18)
CGF13 n—CgH17 91-932 (18)
CgF17 n-C4Hg  110-111 (18)
CgF17 n-CgHiz 113-115 (18)
CgFy7 n-CgHi; 119-120 (18)

2 Incorrectly reported in ref. 18
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2. Methods and procedures
2.1. Materials

It was decided to measure changes induced in surface tension
by a range of fluorous triazoles and tetrazoles as an indicator of
surface activity. The preparation of fluorous triazoles 1-9 [18] and
tetrazoles 13-20 and 37, 38 [30] has been reported. The synthesis
of fluorous triazolyl ethers 21-36, amongst other related
compounds, has been described in the accompanying paper
[29], and fluorous triazoles 10-12 [37] were prepared by a
published alkylative procedure [30]. Non-fluorous triazolyl
triethyleneglycol ethers 27 and 28 were synthesized under
modified Meldal-Sharpless conditions from 1-azidohexane and
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Fig. 2. Changes in surface tension of compounds (a) 1-3, (b) 4-6, (c) 7-9 in m-xylene.

1-azidooctane, respectively, by treatment in equimolar amounts
with methoxy(triethyleneoxy)propyne (3.00 mmol), CuSO4-5H50
(0.15 mmol) and sodium ascorbate (0.30 mmol) in DMSO (1.0 cm?)
under microwave irradiation at 70 °C and 150 W power for 2 h,
followed by chromatography on silica gel.

Triazole 27 an oil (73% yield). "H NMR (300 MHz; CDCl;) §: 0.87
(t, 3H), 1.31 (m, 6H), 1.92 (m, 2H), 3.37 (s, 3H), 3.65 (m, 2H), 3.60-
3.72 (m, 10H), 4.34 (t, 2H), 4.71 (s, 2H), 7.62 (s, 1H). ESI-MS found
m(z: 352.2197 (15%), calcd for [M+Na]* m/z: 352.2214; found m/z:
331.2407 (18) calcd for [M+2H]" m/z: 331.2472; found m/z:
330.2378 (100) calcd for [M+H]" m/z: 330.2394.

Triazole 28 an oil (83% yield). "TH NMR (300 MHz; CDCls5) §: 0.87
(t, 3H), 1.20-1.35 (m, 6H), 1.90 (m, 2H), 3.36 (s, 3H), 3.53 (m, 2H),
3.65 (s, 2H), 3.60-3.72 (m, 10H), 4.35 (t, 2H), 4.72 (s, 2H), 7.67 (s,
1H). ESI-MS found m/z: 738.5737 (13%), calcd for [2M+H+Na]" m/z:
738.5235; found m/z: 594.3498 (14); found m/z: 381.2537 (20)
calcd for [M+H+Na]* m/z: 381.2605; found m/z: 380.2509 (100),
calcd for [M+Na]" m/z: 380.2527; found m/z: 358.2693 (30) calcd
for [M+H]" m/z: 358.2707.

2.2. Surface tension measurement

Surface tension was measured in m-xylene at the solvent-air
interface by the du Noiiy ring method using a Kriiss T53E Interfacial-
Tensiometer K8600 with a thermostat vessel 8600T set at 25 °C and
0.37 mm wire diameter, 60 mm circumference platinum-iridium
ring [38]. The instrument was calibrated daily and before each set of
experiments against freshly drawn samples of Milli-Q water and
triply glass distilled m-xylene. Samples of 0.1199-0.9425 + 0.0005 g
were prepared in most cases in a 10 + 0.05 cm? (in three cases in
20 cm?) volumetric flask as m-xylene solutions whose concentrations
were systematically decreased by dilution to within the range 0.0100-
0.1500 =+ 0.005 mol dm 3. Surface tension data were recorded as the
average values of three measurements on solutions of polyfluoroalky-
lated 1,2,3-triazoles and tetrazoles. Systematic and standard errors
were considered to give a measurement uncertainty in surface tension
of +£0.11 mN m~ . Surface tension was plotted against concentration in
Figs. 2-7 (see additional charts in Supplementary Data), butin all cases,
as in the literature [25,34], the critical micelle concentration (CMC)
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Fig. 3. Changes in surface tension of solutions of compounds (a) 1,4,7 (R = C4Hy), (b) 2,5,8 (R? = C¢H;3), and (c) 3,6,9 (R? = CgH;7), in m-xylene.
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Fig. 4. Changes in surface tension of solutions of compounds 10-12 in m-xylene (a) on the scale in Figs. 2 and 3, (b) showing detail on an expanded horizontal scale, (c) on the

original horizontal scale and compared with data in Fig. 2b.

could not be attained because the samples became insoluble before the
cloud point was achieved. In a few cases, as for example in Figs. 2a and
3¢, there were sufficient changes in the curvature of the surface tension
plot to indicate some form of aggregation had taken place, although
characterization of these aggregates was beyond the scope of the
current paper.

3. Results and discussion
3.1. Fluorophilic-lipophilic combinations

Initial studies were directed towards the properties of a small
library of 1H-1,2,3-triazole derivatives 1-12. Compounds 1-9 [18]
comprised a matrix of compounds with one of three 2-
(perfluoroalkyl)ethyl substituents at position 1 and one of three
n-alkyl substituents at position 4. Meanwhile, triazoles 10-12 [30],
contained a perfluoroheptylmethyl substituent at position 1 and
the same range of n-alkyl groups at position 4. Selection of these
compounds was designed to measure the effect of added fluorine
or replacement of the ethylene spacer group with a methylene
spacer [39]. The compounds were prepared by the copper(I)
promoted Meldal-Sharpless 1,3-dipolar cycloaddition chemistry
[40] of azides and alkynes and so were obtained with high
regiochemical purity.

In practice, triazoles 1-12, especially 1-9, exhibited surprising-
ly erratic surface active behaviour (see Figs. 2-4), reminiscent of
that reported for polyfluorocarbon-hydrocarbon substances in
vaseline oil [35].

Within the first matrix of substituent types, 1-9, if one
considers, for example, triazoles 1-3 (Fig. 2a), these molecules
contain a fixed perfluoroalkyl chain of four carbons, C4Fg, attached
through an ethylene bridge to nitrogen at position-1. They also
contain linear hydrocarbon chains of increasing length, C4Ho,
CgHy3 and CgH;7, at position-4. Beyond this were similar sets of
derivatives, 4-6 (Fig. 2b and c) with perfluorohexylethyl and 7-9,
with perfluorooctylethyl N-1 substituents, respectively, each with
hydrocarbon chains of increasing length at position-4. The higher
solubility of triazoles 1-3, with their short fluorocarbon chains,
C4F9, meant that measurements could be extended to higher

concentrations with these molecules, more than for the other
heterocycles in this series (Fig. 2).

In each series (Fig. 2a-c), the 4-n-butyl and 4-n-hexyl derivatives
showed nearly identical behaviour for each of the fixed fluorous
chain lengths, while the 4-n-octyl derivative gave distinctly higher,
lower or equal, changes in surface tension to the changes with the
shorter alkyl chains. Within the C4Fg and CgF;; series the n-octyl
derivatives showed inflections in the surface tension curves that
indicated aggregation phenomena at concentration values of
0.045 mol dm > and 0.015 mol dm 3, respectively.

An inverse plot (Fig. 3) showed increasingly larger decreases in
surface tension with increasing length of the fluorous chain, albeit
with an interesting crossover from n-perfluorobutylethyl to n-
perfluorohexylethyl (Fig. 3a and b), respectively, although the
perfluorooctylethyl derivatives showed significantly higher reduc-
tions, and more rapid reductions than the former. Again, with the
molecules with fixed n-octyl hydrocarbon chain but variable chain
length of the fluoroalkyl substituent (Fig. 3c), the behaviour was
erratic. Indeed, the perfluorobutylethyl derivative showed higher
activity than its perfluorohexyl counterpart and the most significant
decrease in surface tension of any of the derivatives. Thus, there was
an unexpected disconnection in the properties of the n-octyl
derivatives when compared with the lower homologues.

3.2. Fluorophilic-lipophilic combinations with increased fluorine
content

The effect of fluorine content or, expressed differently, the
influence of one instead of two methylene spacer groups, was
enlightening. Hence, the equivalent series of 4-n-alkyl substituted
1-perfluoroheptylmethyl-triazoles, 10-12 proved much more
surface active than their counterparts, compounds 4-6 (compare
results in Fig. 4 with those in Fig. 2b); the reduction in surface
tension to below 26 mN m~! for 10-12 was effected at concentra-
tions 10-20 times less than for triazoles 4-6. Interestingly, they
gave the anticipated reduction in surface tension with increasing
concentration (Fig. 4b), but the expected decrease in surface
tension with increasing hydrocarbon chain length occurred at
almost the same rate for the n-hexyl and n-octyl derivatives but
much more slowly for the n-butyl derivative. In this case it was not
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Fig. 5. Surface tension measurements for solutions of tetrazoles (a) 13-15 and 19-20, and (b) 16-18, in m-xylene.

possible to determine if the n-butyl or the n-octyl derivative was the
culprit, nor indeed, especially from Fig. 4a-c, if the behaviour of the
n-hexyl derivative was anomalous. Although such behaviour is
difficult to explain, it may have important consequences. For
example, it has been reported and highlighted that the excretion
rates of fluorous surfactant-like molecules, perfluorohexyl-sulfonic
and -carboxylic acids from humans are variable, but lower than for
the corresponding perfluoro-n-pentanoic and n-nonanoic acids
[41,42]. Specificity of fluorous chain lengths might therefore be
worth further investigation.

3.3. Fluorophilic-lipophilic combinations with tetrazole nuclei

A parallel series of fluorous tetrazoles with 1-perfluorohexylethyl
13-15 and 1-perfluoroheptylmethyl 16-18 substituents, and n-alkyl
groups of increasing chain length at position 4, were next evaluated
by the same technique (Fig. 5). In addition, two representative
examples, 19 and 20, of positional isomers were studied. Tetrazoles
19 and 20 contained identical substituents at position 5 to those in
tetrazoles 13 and 15, respectively, but their perfluorohexylethyl
substituent resided at position 1 rather than at position 2.

RN R' R? m.p. °C (ref)
oN" "N 13 CHyCHxCeF13  n-CyHg oil (30)
N={(s5 14 CH,CH;CeFi3 n-CeHiz oil (30)
R%Z 15 CH,CH,CgFi3 n-CgHi7 oil (30)

16 CHQC7F15 n-C4H9 35-362 (30)

17 CH2C7F15 n-CGH13 34-35 (30)

18 CHQC7F15 n'CgH17 31-32 (30)

19 CHoCH,CgFy3 iso-n-C4Hs?  40.5-42 (30)

20 CHoCH,CgFy3 iso-n-CgHi7®  65-67 (30)

& Incorrectly reported as m.p. 35-46°C in ref. 30.
b { 5-isomer versus 2,5-isomer for all others.

In all these cases, there was highly consistent behaviour.
In both cases, Fig. 5a and b, increasing the hydrocarbon chain
length gave increasing surface activity, reflected in a steady

decrease in surface tension. The molecules with the higher fluorine
content, tetrazoles 16-18, had lower solubility than 13-15, but
showed very normal trends, and much increased surface activity
(Fig. 5b versus a solid lines). Decreases in surface tension from the
normal value of 29.7 mNm™" to less than 26 mN m~! required
concentrations of the 1-perfluoroheptylmethyl tetrazoles of far
less than 0.02 mol dm > compared with at least 0.04 mol dm 3
and up to 0.05moldm~3 for the corresponding triazoles and
tetrazoles with perfluorohexylethyl substituents.

Tetrazoles 16-18 were also direct analogues of the perfluor-
oheptylmethyl substituted triazoles 10-12, and careful compari-
son of Figs. 4b and 5b revealed both sets of surface tension
measurements were similar. This was unlike the situation of
perfluorohexylethyl substituted tetrazoles, 13-15, in which the
tetrazoles were significantly more surface active than their
equivalents, the corresponding triazoles, 4-6.

Finally in this series, displacement of the perfluoroalkylethyl
group from the more remote position-2 on the tetrazole ring to
position-1, as in the 1,5-substituted tetrazoles 19 and 20, revealed
near parallel surface tension modifying behaviour to that of their
2,5-substituted analogues 13 and 15. This was somewhat
remarkable given the altered geometry, but must have had its
basis in the types of sidechain interactions.

The tetrazole ring system therefore appeared to be beneficial in
the design of fluorous surfactants, but more complete fluorination
of the alkyl groups could have a more dominant -effect.
Unexpectedly, placement of alkyl and perfluoroalkylethyl sub-
stituents on adjacent positions on the tetrazole ring induced little
change in surfactant behaviour.

3.4. Mild lipophobicity a potential cause for erratic behaviour

While one of the features of fluorous materials is that they are
hydrophobic and lipophobic, the inconsistent surface tension
behaviour in m-xylene of hybrid molecules with changing
hydrocarbon and fluorophilic substituent combinations, observed
in Figs. 2-4 for triazoles 1-12 and Fig. 5 for tetrazoles 13-18, raised
the possibility that, at least in these small molecule, heterocyclic
systems examined here, the lipophobicity might not be as severe as
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Fig. 6. Changes in surface tension measurements for solutions of compounds (a) 21-23 and (b) 24-26 in m-xylene, and (c) a comparison of (a) and (b).

had been first imagined. Efforts were therefore made to prepare
equivalent structures in which the hydrocarbon chain was
replaced with a more hydrophilic element [22].

3.5. Fluorophilic-hydrophilic combinations

Firstly, the effect of inserting a single oxygen atom in the
hydrocarbon chain was examined for convenience. Triazoles 21-
23 with perfluoroalkylethyl substituents on position 1 and n-
octyloxymethyl substituents at position 4 were tested (Fig. 6a).
Equivalent triazoles 24-26 with the same range of fluorous groups
at position 1 and a triethyleneglycol methyl ether substituent at
position 4 were also examined (Fig. 6b).

Measurement of the surfactant properties of the ether
substituted triazoles 21-23 (Fig. 6a) and the polyether substituted
triazoles 24-26 (Fig. 6b) revealed highly consistent surfactant
behaviour and similarities between the two series. As the length of
the fluorous chain increased, so there was a marginal increase in
the degree of decrease in surface tension. Curiously, there was a
more dramatic decrease in moving from perfluorohexyl to
perfluorooctyl than was shown in moving from perfluorobutyl
to perfluorohexyl, and this raises a similar question to the one
above over the impact of chain lengths of eight carbons or more.

Comparisons between each of the pairs of results for triazoles
with like polyfluoroalkyl groups and single ether versus polyether
substituents, i.e., 21/24, 22/25 and 23/26 (Fig. 6¢, solid versus
dashed lines), revealed significantly more rapid decrease in surface
tension by the polyether than the single ether derivative. This is
entirely consistent with the proposed benefit of having a more
hydrophilic group in combination with the fluorophilic group for
optimum surface activity behaviour. In other words, this outcome
further supported the concept that hydrophilic groups were better
than lipophilic groups as partners for any fluorophilic groups if
predictable surfactant properties were to be achieved.

R! R? m.p. °C (ref)

R! 21 C,F, CgH17 40-42 (29)
\L N 22 CgFis CgHy7 52-54 (29)
N N 23 CgFy7 CgH17 80-82 (29)

\:«— 24 C4F9 (CHQCH20)30H3 wax (29)

O(_, 25 CeFis (CH:CHO)CHs  wax (29)

R® 26 CgFy; (CHoCHu0)sCHg  47-49 (29)

3.6. Benefits of fluorophilic-hydrophilic rather than lipophilic-
hydrophilic combinations

With the previous results in mind, the actual benefit of the
presence of fluorine was also assessed. A direct comparison
between fluorous hydrophilic triazoles, 24 and 25, and their
hydrocarbon analogues, 27 and 28, respectively, did demonstrate a

(CH,CH,0)5CH;

(CH2)2C4F9 (CH2)2C6F13
C6H13 C8H17
30 PCE
= 29
1
£
T 28 | B
= 5
K=} —i
2 27 —
- e
= o e N CeHi3
9 H
B8 26 a3
= - -
5 i Nk
25
CH-),C:F -
24
0.00 0.04 0.08 0.12

Concentration (mol.dm-3)

Fig. 7. Surface tension measurements in m-xylene for the matrix of fluorous
triazoles 24 and 25 and non-fluorous triazoles 27 and 28, with the same chain
length but fluorous and non-fluorous substituents.
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higher surface activity for the fluorous molecules (Fig. 7). The
results showed that for triazole molecules with alkyl substituents
of differing chain length (Cg and Cg) at position 1, the presence of
fluorine led to a more rapid decrease in surface tension than
without.

RL N,
N °N

\_&O\
(CH2CH0)3CH3z
R! m.p. °C (ref)

24 CH,CH,C4Fg wax (29)

25 CH,CH,CgF13 wax (29)

27 CGH13 oil (43)

28 CgHi;  oil (43)

In partial summary, these various experiments demonstrated
that surface activity was definitely enhanced by the presence of
polyfluorination and that surface tension was most influenced by
the chain length of the ether or hydrocarbon side-chains, and could
be made more effective by incorporation of central tetrazole rather
than triazole rings. They also revealed that triethyleneglycol
substituted heterocycles would reach their critical micelle
concentration values at much lower concentration than their less
oxygenated counterparts, and were more effective in their
surfactant power. The disconnection between hydrocarbon side-
chains of between 6 and 8 carbons in length was noted although
probably the result of the strong hydrophobic nature of both
lipophilic and fluorophilic groups.

3.7. Switching the fluorophilic substituent from N(1) to C(4)

The effect of switching the point of attachment of fluorous and
non-fluorous substituents, rather than merely moving substituents
to adjacent positions, was next examined. In doing so, it was
decided to retain one oxygen in the substituent at position 4.

Triazoles 29-36, with various n-alkyl groups at position 1 and
perfluorohexylethoxymethyl, 29-32, or perfluoroheptylmethox-
ymethyl, 33-36, substituents at position 4 were studied. In
contrast to the earlier groups, all the compounds showed high
solubility in m-xylene.

R! R? m.p. °C (ref)
R1\ 'R 29 C4Hg CHoCHoCgF453 il (29)
NN 30 CgHy3 CHoCHoCeFy3 wax, 31-32 (29)
\_& 31 CgHy7 CHyCHyCeF13 34-35 (29)
O\R2 32 CgHig CHoCHoCgF13 41-43 (29)
33 C4Hg CH2C7F15 oil (29)
34 CgHis CH.C/Fis  29-31 (29)
35 CgHy; CH,C/Fis  39-40 (29)
36 CoHig CH,C/Fs  55-56 (29)

Interestingly, these alternatively substituted, fluorous ether
substituted triazoles behaved with remarkable consistency as
surfactants, as measured by expected smooth and gradual changes
in surface tension (see charts in Supplementary Data).

Comparison of the data then for the same molecules, but
considering fixed hydrocarbon substituents and varying perfluor-
oalkyl chains, i.e., perfluorohexylethyl versus perfluoroheptyl-
methyl, showed consistently lower surface tension for the chains
with higher fluorine content. These results suggested that the
molecules in this series behaved as normal surfactants and
followed traditional understanding of surfactant behaviour.

The substitution pattern found in triazoles 29-36 therefore
appeared to provide materials with near ideal surface activity
behaviour.

A direct comparison of this latter triazole system with the
analogous tetrazole system was not made, but a pair of tetrazoles,
37 and 38, with 1-polyfluoroalkyl substituents and ethyl acetic
ester substituents at position 4, analogous to tetrazoles 13-18,
were available and assessed.

RL N, R’ m.p. °C (ref)
NN 37 CHyCHoCeF1 oil (30)
N 38 CH,C,Fis  52-53(30)

CH,COEt

As with triazoles 29-36, tetrazoles 37 and 38 proved to be very
highly active in reducing surface tension in m-xylene, with
performance equivalent to or better than that of the 4-n-
octyloxymethyl substituted derivatives (see Supplementary Data).
Given that the ethyl acetic ester substituent is five atoms in length,
the additional surface activity of these ester molecules must have
arisen from the added hydrophilicity of the ester group. This result
will point to further studies.

3.8. Correlation between surface activity and physical properties of
molecular tensides

It was instructive to compare the physical state of the molecular
tensides examined in this study with the surface activity findings
that have now been described in an effort to understand something
of the self-assembly of the molecules. The melting points of
lipophilic triazoles 1-12 followed very clear trends that belied
their somewhat chaotic effect on surface tension. For example,
within each set of 1-perfluoralkylethyl- (1-3, 4-6, 7-9) and 1-
perfluoroheptylmethyl-substituted (10-12) triazoles, melting
points increased with increasing 4-alkyl substituent chain length.
Such increases could be ascribed to increases in formula weight.
However, it was noticed that for the 1-perfluorooctylethyl- (7-9)
and 1-perfluoroheptylmethyl-substituted (10-12) substances, the
melting points increased marginally from 4-n-butyl- to 4-n-hexyl-
substituted derivatives, but more significantly from 4-n-hexyl- to
4-n-octyl-substituted derivatives. At the lower formula weight
homologue level, the melting point rose by about 6 °C for each
iteration, or 3 °C for each CH; group. In contrast, melting points
increased by approximately 25 °C for each step increase in
fluorous chain length, or 12-13 °C for each CF, group. Incorpo-
ration of more fluorine into molecules of the same size, e.g.,
1-perfluoroheptylmethyl- derivatives (10-12) compared with
1-perfluorohexyethyl- derivatives (4-6), induced very significant
increases in melting point (15-30 °C). These were consistent
with increased rigidity of the saturated carbon chain, but the level
of increase became less as the hydrocarbon chain length
increased.

Similar, but generally smaller, changes in melting points were
observed, where relevant, throughout each series of triazolyl
tensides 21-38. The observations for tetrazoles 13-20 differed
from those of the triazoles in some respects. Molecules with the 1-
perfluoroheptylmethyl-substituent 16-18 certainly had higher
(though indeterminably higher) melting points than those with 1-
perfluorohexylethyl-substituent 13-15, but subsequent increases
in 4-alkyl substituent chain length led to very small but significant
decreases in melting point. This observation possibly arose from a
more dominant effect of the tetrazole over the triazole nucleus in
defining melting points. Importantly, the isomerically substituted
1-perfluorohexylethyl 5-alkyl-substituted tetrazoles, had signifi-
cantly higher melting points than their corresponding 2-perfluor-
ohexylethyl-5-substituted tetrazole analogues. This observation



32 R.W. Read, X. Wang/Journal of Fluorine Chemistry 135 (2012) 25-32

was entirely consistent with the earlier proposal that in the 1,5-
disubstituted tetrazoles the perfluoroalkyl and the n-alkyl sub-
stituents both behave as hydrophobic groups and probably self
associate, either intramolecularly causing relatively rigid, possibly
rod-like, monomeric species, or intermolecularly causing networks
of cross-associated monomeric species. Commensurate with this
suggestion, the higher homologue of this pair, 19 and 20, namely
tetrazole 20, melted at approximately 15 °C higher in temperature
than did its shorter homologue 19. This is what might be expected
for longer substituent sidechains that could better interact.

4. Conclusion

Overall, these studies reveal very positive surfactant behaviour
for fluorous triazole and tetrazole derivatives in which there is at
least one ether oxygen in the substituent at position 4. The evidence
suggests that this position may contain a polyfluoroalkyl substituent
or a plain n-alkyl substituent. Key to the normal surfactant
behaviour is a hydrophilic group to counteract the powerful
hydrophobic properties of fluorophilic substituents. This insight
into small molecule fluorous surfactants is perhaps understandable,
but has not been demonstrated before with such clarity and
convincing evidence that highlights the major influencing factors.

A determination of the structural form of aggregates will now
be pursued and applications of fluorous heterocycles will be
examined based on the findings in the present study.
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