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Nanospray FT-ICR mass spectroscopy provides unambigu-
ous evidence for solvent-dependent aggregation of a substi-
tuted sexithiophene.

We report evidence for the solvent-dependent aggregation of an
a,w-disubstituted sexithiophene, obtained by nanospray Four-
ier-transform ion cyclotron resonance (FT-ICR) mass spec-
trometry1–6 of solutions of varying polarity. Electrospray
ionisation (ESI),3 of which nanospray4–6 is a variant, has been
used for studying aggregation of proteins.7,8 In this work, we
used FT-ICR coupled with ESI (nanospray) to probe aggrega-
tion of an oligomer; high resolution was important in order to
resolve overlapping signals due to differently sized ag-
gregates.

Aggregation in solution is well known for a-oligothiophenes
and poly(thiophenes).9–11 Evidence for aggregation of such
chromophores has been deduced from shifts in UV–VIS
spectra, quenching of photoluminescence, broadening of line-
widths in NMR or observation of a circular dichroism spectrum
for aggregates of chiral chromophores.12,13 Whereas these
techniques give indirect evidence for aggregation, we have
established direct evidence for solvent-dependent aggregation
by FT-ICR mass spectrometry.

We have established a synthesis for
2,2A:5A,2AA:5AA,2AAA:5AAA,2AAAA:5AAAA,2AAAAA-sexithiophene-5,5AAAAA-dicar-
boxylic acid (2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyl
ester 1 (Fig. 1) and UV (absorption and emission) and CD
spectroscopic evidence for its temperature dependent chiral
aggregation in solution.13 Compound 1 appears to aggregate in
polar protic solvents such as THF–water mixtures and to be
molecularly dissolved in organic solvents such as pure THF or
CHCl3. We have used nanospray FT-ICR mass spectrometry to
investigate 1 in THF and THF–water mixtures. The nanospray
technique provided the possibility of ionising the oligomer 1,
and its suspected aggregates, without fragmentation.

Experiments were performed using nanospray on a Bruker
BioApex FT-ICR mass spectrometer equipped with a shielded
9.4 T magnet (Magnex Scientific Ltd., Abingdon, UK), a 6 cm
diameter cylindrical infinity cell and electrospray ionisation
source (Analytica of Branford, Branford, USA).14,15 Low
capillary and skimmer potentials were used to minimise any
possibility of the non-covalent bonds of the aggregate being
disrupted in the source. Solutions were made up using THF and
a polar solvent mixture (PSM) containing equal volumes of
ammonium acetate solution (10 mM, pH 6.0) and methanol, and
2% v/v concentrated acetic acid.

In agreement with our previous observations from UV–VIS
and photoluminescence spectroscopy, the results from nano-
spray FT-ICR indicated that 1 did not aggregate in predom-
inantly aprotic solution. Fig. 2 shows the mass spectrum
obtained from a solution of 1 in 90% THF–10% PSM. The
neutral oligomer is designated as 6T in the spectrum. Intense
signals due to the ammonium and sodium ion adducts of the
monomeric compound can be seen in Fig. 2. The experimental
isotope patterns matched the theoretical, confirming that each
cluster of peaks represented a single species. The measured
mass-to-charge (m/z) ratios agreed with those calculated to
within 1 ppm in all cases (all-12C [6T+NH4]+, measured mass
1096.2811 cf. calc. 1096.2802; all-12C [6T+Na]+, measured
mass 1101.2342 cf. calc. 1101.2356). There was no evidence for
aggregation. Nanospray from a more polar solution of 1, (75%
THF–25% PSM), again gave mainly monomeric ammonium
and sodium ion adducts but also a weak signal due to the
dimeric diammonium ion adduct (Fig. 3). Peaks from the
doubly charged dimer can lie underneath those from the singly
charged monomer or appear between the singly charged
monomer peaks. Thus, the all-12C monomer peak and the all-
12C dimer peak both theoretically fall at m/z 1096.2802. The
one-13C monomer peak falls at m/z 1097.2836 but the one-13C
dimer peak falls between these two peaks at m/z 1096.7822 and
is detected as a weak peak. The spectrum (Fig. 3) establishes
that the bonding in the dimer between the constituent monomers
is non-covalent, because the measured mass of the dimer is
exactly twice that of the monomer. If the bonding had been
covalent, loss of two hydrogen atoms might have been
expected; there is no possibility of simple addition dimerisation
of 1. In the case of loss of two hydrogen atoms, there would
have been a detectable peak at m/z 1095.2724 due to the doubly-
charged all-12C dimer, there was no peak at this m/z.

The diammonium ion adduct of the tetramer (Fig. 4), the
diammonium ion adduct of the pentamer (Fig. 5) and the

Fig. 1 2,2A:5A,2AA:5AA,2AAA+5AAA,2AAAA+5AAAA,2AAAAA-sexithiophene-5,5AAAAA-dicar-
boxylic acid (2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyl ester 1.

Fig. 2 Compound 1 (50 mM) in THF–PSM (90+10 v+v). Only monomeric
species can be observed. The inset shows the isotope patterns of the
ammonium adduct ion, ([6T]+NH4)+ and of the sodium adduct ion,
([6T]+Na)+. 6T is a designation used for the neutral compound 1.
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triammonium ion adduct of the hexamer were observed when a
solution of compound 1 in 50% THF–50% polar solvent
mixture was investigated.

The diammonium adduct of the tetramer overlays the
ammonium adduct of the dimer (Fig. 4). That the isotope
distributions of the two ions were directly coincident indicates
that the mass of the tetrameric species was exactly twice that of
the dimer, i.e. bonding was non-covalent in the tetramer. The
most intense peak in the isotope distribution of the diammonium
pentamer adduct (Fig. 5) corresponds to the six-13C species; the
all-12C isotopomer cannot be discerned in Fig. 5. The cluster of
peaks shown in Fig. 6 represent isotopes of three species: the
singly charged ammonium adduct of the dimer ([6T]2+NH4)+,
the doubly-charged diammonium tetramer adduct

([6T]4+2NH4)2+ and the triply charged triammonium hexamer
adduct ([6T]6+3NH4)3+.

The size of detectable aggregates is currently limited by the
instrument configuration and the relationship between behav-
iour in solution and in the mass spectrometer source16 is a
matter for continuing study. However, we conclude that
oligomeric aggregates of compound 1, from the dimer to the
hexamer have been observed by nanospray FT-ICR mass
spectrometry when sprayed from polar solution, whereas the
monomer alone was observed when sprayed from THF solution.
Taken together these results constitute unambiguous evidence
for the aggregation of 1 in solution, a process which intensifies
with increasing solution polarity.
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Fig. 3 Compound 1 (150 mM) in THF–PSM (75+25 v+v). The monomeric
ammonium adduct ion (see also Fig. 2) and the dimeric diammonium adduct
ion, ([6T]2+2NH4)2+ (see arrows) are observed.

Fig. 4 Compound 1 (50 mM) in THF–PSM (50+50 v+v). Peaks due to the
ammonium ion adduct of the dimer, ([6T]2+NH4)+, and the diammonium
adduct ion of the tetramer, ([6T]4+2NH4)2+, are superimposed.

Fig. 5 Compound 1 (50 mM) in THF–PSM (50+50 v:v). Isotopic distribution
of the diammonium adduct ion of the pentamer, ([6T]5+2NH4)2+.

Fig. 6 Compound 1 (100 mM) in THF–PSM (50+50 v+v). Peaks due to the
ammonium adduct ion of the dimer, ([6T]2+NH4)+, the diammonium adduct
ion of the tetramer, ([6T]4+2NH4)2+ (dotted arrows) and the triammonium
ion adduct of the hexamer, ([6T]6+3NH4)3+ (straight arrows) are overlaid.
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