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Abstract

The emission spectra of 2-naphthyl and 9-anthryl ester terminated perfluoropolyether compounds (NpOF and AnOF) in aqueous organic
binary solvents were investigated. The fluorescence spectra of NpOF in dimethyl sulfoxide—water mixture (DJ)@%@e-tiominated
by the excimer emission. Addition of methyl perfluoropolyether carboxylate;@FHi to the solution results in a reduction in the excimer
emission and an enhancement of monomer emission. Selective excitation of the naphthalene moiety in the mixture solution of NpOF and
AnOF leads to strong emission from AnOF. All these observations suggest the formation of perfluoropolyether aggregates in the aqueous
organic binary solvents.

Both NpOF and dodecyl 2-naphthoate (NpHC12) in 1,4-dioxan&-kixhibit the excimer emission exclusively. Addition of a high
concentration oh-C1gH3g to the NpOF solution results in a reduction in the excimer emission and an enhancement of monomer emission,
suggesting that chromophores of NpOF are diluted by thel¢3 aggregates. Addition of a high concentration of{CHF to the NpHC12
solution, however, has only slight effect on the fluorescence of NpHC12 emission. These observations indicate that when coaggregation
of hydrocarbon and perfluoropolyether occurs, these coaggregates contain much more hydrocarbons than perfluoropolyether compounds
© 2001 Published by Elsevier Science B.V.
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1. Introduction features of molecular assemblies, photophysical and photo-
chemical probe analysis has been an important method for
In aqueous or agueous organic binary solvents the electri-the study of the microscopic environment around a chro-
cally neutral long chain hydrocarbons can form aggregates mophore [14-16]. Recently we have used a chromophore
at very low concentrations, driven by hydrophobic interac- end-labelled hydrocarbon and fluorocarbon molecules as flu-
tions [1]. The aggregates thus formed may serve as simpleorescence probes to investigate their excimer formation and
models for molecular assemblies and may have valuableenergy transfer in aqueous organic mixed solvents. The re-
applications in macrocyclic synthetic chemistry, medicine sults showed that the effect of hydrophobic forces in the fluo-
design and other disciplines [2,3]. rocarbons is significantly greater than in the hydrocarbons of
Perfluorocarbon molecules are well known to be signif- the same chain length [17]. We have also obtained straight-
icantly different from hydrocarbons due to the differences forward evidences of ideal and nonideal mixing of fluoro-
in the nature of the hydrophobic moiety. It is also well carbon and hydrocarbon molecules in aggregate systems,
known that fluorocarbons and hydrocarbons exhibit pro- depending on the chain lengths of the perfluorocarbons [18].
nounced mutual phobicity [4,5]. The miscibility of fluoro- Perfluoropolyether (PFPE) is a class of material showing
carbon and hydrocarbon surfactants has been the subjecseveral typical properties of perfluoriated molecules, such
of numerous investigations [6-13]. Among various ap- as low hydrophilic character, thermal and chemical inert-
proaches employed to explore the structural and dynamicness, and ease of formation of micelle aggregates and mi-
croemulsions [19-24]. Moreover, these compounds can be
* Corresponding author. Tel:1-318-257-4066; fax:-1-318-257-3823.  prepared with different chain length and branching, and the
E-mail address: hji@chem.latech.edu (H.-F. Ji). presence of the ether bridge provides a higher degree of
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conformational freedom than in perfluorocarbons. It is of measurements without further purification. Doubly distilled
interest to know whether perfluropolyether could form ag- water was used in all the experiments.
gregates in aqueous organic solvents, driven by the hy-
drophobic interactions. Their miscibility or immiscibility — 2.2. Instrumentation
with hydrocarbons is also an attractive problem to study that
may contribute to improving our comprehension of phobic-  *H NMR spectra were determined with a Varian XL-400
ity between the fluorocarbons and hydrocarbons and drug(400 MHz) instrument in CDGlusing TMS as the internal
designs. standard. Thé®F NMR spectra were recorded on a Varian
In the present work, we investigated the behavior of XL-400 (400 MHz) instrument using TFA as the internal
PFPE 2-naphthoates and PFPE 9-anthracenecarboxylate istandard. Mass spectra were determined with a Finnigan
aqueous organic solvents. Through the examination of ex-4021C mass spectrometer with an electron impact source at
cimer formation, energy transfer, diluted effect, we obtained 25 or 70 eV. Steady-state fluorescence spectra were run on
evidence for aggregation of perfluoropolyether molecules either a Hitachi-850 or Hitachi MPF-4 spectrofluorimeter.
in aqueous organic solvents and their mutual miscibility or
immiscibility with the hydrocarbons. 2.3. Fluorescence measurements
The molecules we studied have the following structures.
The samples were purged with presaturated nitrogen with
COOCH,CF(OCF,CF);0CF,CF,CF;  NpOF water or agueous-organic binary solvents for at least 30 min
(':F3 (|3F3 before the measurements. The excitation wavelength was
280 nm both for the excimer formation and the energy trans-
fer studies. The spectra were fully corrected for instrument
O response. Of particular interest for NpOF excimer formation
O is the excimer to monomer intensity ratig/lyy, which was
calculated from the peak heights at 420 and 360 nm for ex-
' cimer (g) and monomerlfy), respectively. The peak height
and peak areas were proportional to one another.

COOCHZ(EF(OCFZ?F)3OCF2CF2CF3 AnOF
CF; CF,

CH3OOC(liF(OCFz(',‘F)3OCF2CF2CF3 CH;OF
CF; CF; 3. Results and discussion

3.1. Excimer formation of NpOF and AnOF

2. Experimental The fluorescence spectra 0fx110~° mol dm2 solution
of NpOF in 1,4-dioxane—water (DX-D) are shown in
2.1. Materials Fig. 1, whered represents the volume fraction of water in

the solvent mixture. This compound exhibits the structured

Methyl 2,5,8,11-tetra(trifluoromethyl)-3,6,9,12-tetraoxa- fluorescence characteristic of naphthoate monomer 370 nm
perfluoropentadecano-ate (6BIF) was donated by Shang- for @ = 0. As the® value increases, the monomer fluores-
hai Organic Institute, Chinese Academy of Sciences. 2,5, cence intensity decreases and a new structureless excimer
8,11-tetra(trifluoromethyl)-3,6,9,12-tetraoxa-perfluoropent- emission, centered at, ca. 408 nm is observeddAt 0.5
adecanol was synthesized by reduction of thesGH with the excimer emission dominates the fluorescence spectrum.
LiAIH 4. 2-Naphthoyl chloride was prepared by reaction of This is a behavior typical of the aggregate formation of
2-naphthoic acid with thionyl chloride and the product was long chain hydrocarbon or perfluorocarbon compounds [17].
distilled at reduced pressure. 2,5,8,11-tetra(trifluoromethyl)- In order to measure the critical aggregation concentration
3,6,9,12-tetraoxa-perfluoropentadecyl 2-naphthoate (NpOF)(CAC) of NpOF in various aqueous organic solvents, we ex-
was synthesized by esterification of 2-naphthoyl chloride amined the ratidg/lyy of the fluorescence intensity of the
with the 2,5,8,11-tetra(trifluoromethyl)-3,6,9,12-tetraoxa- excimer (at 420 nm) to that of the monomer (at 360 nm) as
perfluoropentadecanol. 2,5,8,11-tetra(trifluoro-methyl)-3,6, a function of NpOF concentration at a constdnwalue as
9,12-tetraoxa-perfluoropentadecyl 9-anthracenecarboxylatedescribed before [17]. As shown in Fig. 2, the plotiefiy
(AnOF) was synthesized by esterification of 9-anthracene- versus [NpOF] displays a break and the concentration cor-
carbonyl chloride with the 2,5,8,11-tetra(trifluoromethyl)-3, responding to the break point is defined as the CAC. Fig. 3
6,9,12-tetraoxa-perfluoropentadecanol [25]. The synthe-shows the plot ofg/ly as a function ofp at constant NpOF
sized compounds were characterized by IR, MS &Hd concentration. This plot also exhibits a break. Thevalue
NMR as well asl®F NMR spectra. Spectral-grade dimethyl corresponding to the break is defined as the critical solvent
sulfoxide (DMSO) (Aldrich, 99.9%), 1,4-dioxane (DX) composition for aggregatiom(c). A small®c suggests that
(Aldrich, 99%) and ethanol were used for fluorescence the solvent possesses a large aggregation power.
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Fig. 1. Fluorescence spectra of NpOF in DX@Hfor various volume frac- Ratio of HyO in DMSO-H20 mixture

tions (@) of water in the solvent mixture ([NpOF} 1 x 10~°mol dm3,

hex = 280nm) ford = 0; & = 0.2; & — 0.4 and — 0.6. Fig. 3. The plot of the ratide/ly of fluorescence intensities of excimer (at

420 nm) to monomer (at 360 nm) for NpOF in DX>8 mixed solvents
at a constant concentration €10-°moldm™23) as a function of the
volume fraction of water in the solvent mixturéef = 280 nm).

It is expected that the driving force for aggregate forma-
tion for NpOF in aqueous organic solvents is hydrophobic
interactions. The probe molecule used in the our experiment
contains a large, planar building moiety, naphthyl. This hy-
drophobic moiety may make a contribution to the formation
of aggregates. To estimate the extent of the importance of
these moieties in the formation of aggregates, we examined

the fluorescence spectra of a short chain perfluorocarbon,
NpCOO(CR)3CFRs, which exhibits monomer fluorescence
even in aqueous organic mixtures having a large proportion
of water. Another fluorescent probe, AnOF, that contains a
bigger anthryl moiety was also studied and the spectra are
shown in Fig. 4. AnOF can also form aggregates in DX6H
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Fig. 2. The plot of the ratide/ly of fluorescence intensities of excimer (at
420nm) to monomer (at 360 nm) for NpOF in DX>8 mixed solvents Fig. 4. Fluorescence spectra of AnOF in DX®ifor various volume frac-
at a constant volume fraction of wate® (= 0.6) as a function of the tions (@) of water in the solvent mixture ([ANOFE 1 x 10~5mol dm3,

concentration Xex = 280 nm). Aex = 350nm) ford =0 (- —-); @ = 0.5 (---).
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;e:;blsn(lj the CAC values of NpOF and NpFCii2 various aqueous organic solvents

oc P CAC®

DMSO-H0 DX-H,O EtOH-H0 DMSO-H0 DX-H,O EtOH-H0
NpOF 0.20 0.40 0.55 <1077 9.6 x 1077 6 x 1076
NpFC12 0.30 0.50 0.65 4 107 4 x 1076 5 x 1075

aNpFC12= 2-Naphthyl-COOCH(CF,)10CFs.
b [NpOF or NpFC12]= 1 x 10~°mol/dre.
P =0.6.

(@ = 0.5) and an excimer fluorescence centered at 490 nm3'2' Coaggregates of NpOF and CH3zOF

is observed after normalization. The CAC®g, values ob- . _ . .
To provide more evidence for aggregation, we studied

tained from the AnOF is just the same as from NpOF using
the above method. These results suggest that the hydropho'Ehe effect of unlabelled PFPE molecule SBF on the ex-

L . . i formation of NpOF in DX-HO with a @ value of
bic interactions relating to the naphthyl or anthryl groups cimer
are not large enough to induce aggregate formation and theyo's' In the_ absef‘ce of the unlabelled fluorocarborsOH .
make little or no contribution to the aggregation process. NpOF emltss mainly 3exc!mer ﬂuorescence at conc_entratlon
Considering the fact that the polyethers are hydrophilic but of 1x 10 "Aﬂg_m (Tg(i 5)Fowmﬁ to t?e_formatloln Qf
perfluoropolyethers are hydrophobic, it is concluded that the aggregates. ition of GYOF to the solution results in

lone pair electrons on the oxygen atoms in PFPE are shielded®” enhancement of the monomer emission and a reduction

by the big fluorine atoms in PFPE and they are unable to form OCththexﬁ'mﬁr fluorescence. In the rf)rehs_enNceOo; _suféluept
hydrogen bonds with the water molecules in the solution. 3OF, the fluorescence spectrum of this NpOF is domi-

The excitation spectra for the excimer and monomer emis- _nated by the structured monomer emission._Obvioust this
sion are identical, and the maximum peak wavelength cor- is because CDF molecules coaggregate with NpOF and

responds to that in the UV absorption spectrum, suggestingthe chromophores are diluted in the coaggregates.
the absence of strong interactions between the naphthoate
chromophores in the ground state. Obviously, within the ag- 3.3. Energy transfer from NpOF to AnOF
gregates the local concentration of the chromophores is high,
but the chromophores do not associate with each other to The evidence for aggregation is further strengthened by
form a complex in the ground state. the observation of energy transfer from NpOF to AnOF. The
The behavior of NpOF in dimethyl sulfoxide—water absorption spectra of NpOF and AnOF indicate that one can
(DMSO-H0) and ethanol-water (EtOH-B) mixed
solvents is analogous to that in DX»8. The values of
@ at fixed concentration and the CAC at fix@e: are
listed in Table 1. It is shown that the CAC anrbflc of
NpOF at the same&> or concentration, respectively, are
much smaller than those of the perfluorinated compound,
such as perfluorotridecanoate 2-naphthoates (NpFC12),
which has the same carbon chain length as studied in our
previous work [18]. These results suggest that the PFPE
molecules are more hydrophobic than the straight chain
perfluorcarbons with the same chain length. This effect
may arise from the CFbranches in the perfluoropolyether
that make PFPE more hydrophobic. It maybe the case that
besides hydrophobicity, bulkier groups also contribute to
other factors that affect aggregation. However, lack of the
non-branch perfluoropolyether materials in the industry
restrict our further study of whether the side chain con-
tributes exclusively to stronger hydrophobicity of PFPE ol
materials. 320 360 400 440 480 520

Wavelength, nm

COO(CH3);,CH3 Fig. 5. The effect of CHOF on the fluorescence spectrum of NpOF
NoHCI2 in DX-H>0 mixed solvents @ = 0.5; [NpOF] = 1 x 10~>moldn3;
p hex = 280 Nm); [CHOF] = 0 (= —); [CHOF] = 2x 10-4 mol dnr3 (-—).

NpOF : CH,OF (1:20)

Relative fluorescence intensity
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NpOF : AnOF (1:1)
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Fig. 6. Fluorescence spectra of NpOF and AnOF in D¥GHmixed
solvents ([NpOF= [ANOF] = 1 x 10> mol dm3, Aex = 280 nm).

use 280 nm light selectively to excite the naphthalene moi-
ety in the mixture of NpOF and AnOF. Excitation at 280 nm
of the mixed solution of NpOF (% 10~°moldm3) and
ANOF (1x 10-°>mol dm3) in organic solvents such as DX

only leads to the monomer fluorescence of NpOF, the emis-

sion from AnOF is hardly detected, indicating the absence
of energy transfer between NpOF and AnOF due to the low

concentration of the donor and acceptor in organic solvent.

However, in aqueous organic mixed solvents significant
energy transfer is observed. As shown in Fig. 6, the fluo-

183

NpOF : C,;0,, (1:20)

Relative fluorescence intensity

400 440

Wavelength, nm

Fig. 7. The effect of non-labelled hydrocarbonsCigHsg on the flu-
orescence spectrum of NpOF in DX>8 mixed solvents ¢ = 0.5;
[NPOF] = 1 x 10~ °moldm3; Aex = 280nm); [GgHazg] = O (---);
[C1gH3g] = 2 x 10~*moldm3 (- -).

exhibits exclusively excimer fluorescence at high concentra-
tion due to aggregation.

Surprisingly, addition of & 10~4M CH3OF to the solu-
tion of NpHC12 shows almost no change in the fluorescence
of NpHC12.

These two significantly different observations indicate

rescence of NpOF is almost diminished and the structured 2" @symmetrical coaggregation behavior between the PFPE
emission of AnOF dominates the fluorescence spectrum of ©©mpounds and hydrocarbons. This asymmetrical behavior

the mixed solution of & 10~°>M of NpOF and 1x 10> M
of AnOF in DX—H,O with @ equal to 0.5. Obviously, NpOF

and AnOF coaggregate and within the coaggregates the mu-
tual chromophore separation favors singlet energy transfer.

3.4. Asymmetrical coaggregation behavior
between PFPE and hydrocarbons

To obtain information about the miscibility of PFPE com-

pounds with the hydrocarbons in the aggregate systems, we

examined the effect of unlabelled hydrocarbeiC;gH3s

on the excimer formation of NpOF and the effect of unla-
belled PFPE compounds GBF on the excimer formation
of dodecyl 2-naphthoate (NpHC12). As shown in Fig. 7,
1 x 107°>M of NpOF in DX—H;O solvents with® = 0.5
emits excimer fluorescence due to aggregation. Addition
of 2 x 1074 M of n-CigHsg to the solution results in an

NpHC16

/ NpHC16 : CH,OF (1:20) "\

'

Relative fluorescence intensity

o J A S [ SRR
320 360 400 440 480

520

enhancement of the monomer emission and a reduction of

the excimer fluorescence.

The effect of CHOF on the emission spectra of NpHC12
in aqueous organic mixed solvents is shown in Fig. 8. A so-
lution of 1 x 107°M of NpHC12 in DX-H0 (& = 0.5)

Wavelength, nm

Fig. 8. The effect CHOF on the fluorescence spectrum of NpHC12 in
DX-H,0 mixed solvents @ = 0.5; [NpHC12] = 1 x 10> moldn3;
Lex = 280 nm) [CHOF] = 0 (- -); [CHsOF] = 2 x 10~*mol dn3 (---).
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