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Capillary electrophoresis (CE) coupled with electrospray ion-
ization mass spectrometry (ESI-MS) was employed to detect
the intermediates involved in the photochemical formation of
the Mo-blue nanoring [MoV

28MoVI
114O429H10(H2O)49-

(CH3CO2)5(C2H5CO2)]30– � Mo142(Ac)5(Pr) in the photolysis
of the [Mo7O24]6–/CH3CO2H system at pH 3.4. The CE elec-
tropherogram indicated successful separation of the pho-
tolyte species into three migration times. The relative peak

Introduction

High-nuclearity polyoxometalates (�100 transition metal
atoms) can be synthesized by UV photolysis of lower-nu-
clearity polyoxometalates in the presence of electron do-
nors.[1–4] The stepwise pathways of the photoreductive self-
assembly from [MoVI

7O24]6– into Mo-blue nanoring,
[MoV

28MoVI
114O429H10(H2O)49(CH3CO2)5(C2H5CO2)]30–

[Mo142(Ac)5(Pr)], has been proposed, in which a variety of
intermediates such as {Mo20}/{Mo21}, {Mo40}/{Mo41},
{Mo82}, and {Mo122} are involved.[3] The proposed inter-
mediates always comprise binuclear linkers, {Mo2} �
[MoVI

2O5(H2O)2]2+, {Mo2(Ac)} � [MoVI
2O5(Ac)]+, or

{Mo2(Pr)} � [MoVI
2O5(Pr)]+, which are readily removed

partially under specific conditions (high pH level, for exam-
ple).[5,6] Although it is crucial to identify these intermedi-
ates to better understand the UV-induced self-assembly of
polyoxometalates and the molecular design of highly func-
tionalized Mo-blue nanorings, attempts to detect the above
intermediate species involved in the photolysis have not
been successful. We tried to detect the intermediates for
Mo-blue nanorings by using electrospray ionization mass
spectrometry (ESI-MS).[7]

The mild ionization technique employed for ESI-MS and
cryospray ionization mass spectrometry (CSI-MS)[8] seems
to be suitable for the investigation of high-nuclearity poly-
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areas of the three kinds of signals were dependent on the
duration of the photolysis. The signals in two of the regions
could be identified to species (with additional defects due to
the removal of binuclear {Mo2} � [MoVI

2O5(H2O)2]2+ linkers)
derived from the intermediates {Mo37} to {Mo42} and Mo-blue
nanoring Mo142(Ac)5(Pr).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

oxometalate species in solutions. Lower-nuclearity polyoxo-
metalates have been characterized by ESI- and CSI-
MS.[9–21] Because the response factor for ionization differs
among each species and because ionization may be pre-
vented by coexisting different species,[7,22] it is necessary to
separate the species in the reaction solution in advance. We
employed capillary electrophoresis (CE)[23,24] for ESI-MS
analysis of the solution of polyoxometalates instead of
chromatographic separation[25–27] to avoid their irreversibly
strong adsorption on packing materials. This CE procedure
is quite compatible with ESI-MS, and CE–MS has been
successfully applied to many biological/pharmaceutical sys-
tems.[28]

Here, we describe detection and reaction pathways of the
intermediates involved in the photochemical formation of
Mo142(Ac)5(Pr) by using ESI- and CSI-MS and CE–MS. It
is noteworthy that the ESI-MS signals obtained for the Mo-
blue nanoring are assigned to the species with additional
defects due to partial removal of the binuclear linkers.

Results and Discussion

ESI- and CSI-MS of Mo142(Ac)5(Pr)

Figure 1a shows the ESI mass spectrum of a water/aceto-
nitrile (7:3) solution containing 2–10� 10–6  Mo142(Ac)5-
(Pr). The signals for species with a charge of 2– and 1–,
observed when m/z � 1100, were assigned to the chain-like
anions comprising corner-shared MoO4 tetrahedra,[11]

which are produced through ESI of the molybdate frag-
ments (Table S1, Supporting Information). Broad signals
observed in the range m/z = 1700–2400 were unambiguously
assigned to species with a charge of 12–, 11–, and 10–,
corresponding to a mass of 20810�10, in the same order
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as the mass (fw: 21748.3) of the anion of Mo142(Ac)5(Pr).
Because the natural abundances of the isotopes of Mo
(92,94–98,100Mo atoms) gave broad signals in the mass spec-
trum obtained by matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) relative to those in the
mass spectra of high nuclearity compounds such as [Mo78-
Fe30O274(H2O)94(CH3CO2)12]·≈150H2O,[29] [Mo102O252(H2O)78-
(CH3CO2)12]·≈150H2O,[29] and Na32–nHnMo176O528(H2O)63-
(CH3OH)17]·≈600H2O·≈30CH3OH,[30] the broad signals of
the ESI mass spectrum arise from the Mo142(Ac)5(Pr)-de-
rived multiply charged ions. A small displacement of the
molecular mass from the value expected for the anion of
Mo142(Ac)5(Pr) could be associated with removal of three
binuclear linkers, two {Mo2(Ac)} and one {Mo2(Pr)}, from
Mo142(Ac)5(Pr) through the ionization procedure. The
broad signals in Figure 1a were thus tentatively assigned
to [(NH4)3H28+xMoV

28MoVI
108O414(H2O)49(Ac)3](12–x)– [fw:

20813.8 + x, x = 0–2; Mo136(Ac)3].

Figure 1. (a) ESI mass spectrum of a water/acetonitrile (7:3) solu-
tion of Mo142(Ac)5(Pr); assignments of the peaks observed for m/z
� 1100 are listed in Table S1 (Supporting Information). (b) CSI
mass spectrum of a water/acetonitrile (1:4) solution of Mo142(Ac)5-
(Pr); inset: magnified spectrum in the range m/z = 1200–2800; as-
signments of the peaks observed for m/z � 1000 are listed in
Table S2 (Supporting Information).

The broad signals for species with a charge of 12–, 11–,
and 10– in the range m/z = 1700–2400 were observed only
under the mild ionization condition with capillary exit-
skimmer potential difference = 30 V, whereas many frag-
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mented ions produced through collision-induced dissoci-
ation (CID) were observed under harsher ionization condi-
tions. In solution, Mo142(Ac)5(Pr) was oxidized with color
fading by air under ambient atmosphere for one week with
an accompanying disappearance of the broad signals in the
ESI mass spectrum.

The CSI mass spectrum was also measured, as shown in
Figure 1b. In addition to the signals for species with a
charge of 2– and 1– with m/z � 1100 (Table S2, Supporting
Information), the CSI mass spectrum of a water/acetonitrile
(1:4) solution containing ca. 1 �10–6  Mo142(Ac)5(Pr) un-
der the desolvation temperature of 10 °C showed a set of
broad signals for species with a charge of 13– to 10– in the
range m/z = 1600–2300, which corresponds to a mass of
21300� 200. The 21300�200 species was tentatively as-
signed to [H28+xMoV

28MoVI
112O424(H2O)49(Ac)4(Pr)](13–x)–

[fw: 21435.6 + x, x = 0–3; Mo140(Ac)4(Pr)] or [H29+x-
MoV

28MoVI
110O419(H2O)49(Ac)3(Pr)](13–x)– [fw: 21105.7 +

x, x = 0–3; Mo138(Ac)3(Pr)], which were derived from re-
moval of small amounts of binuclear linkers from
Mo142(Ac)5(Pr).

The above ESI- and CSI-MS measurements gave the sig-
nals of Mo142(Ac)5(Pr) derivatives with additional defects
due to further removal of one to three binuclear linker
unit(s). This seems to be characteristic of the signals for
Mo-blue nanoring species. The number of the removed lin-
kers is affected by the desolvation temperature, time of ac-
quisition of the spectroscopic data, and the amounts of ace-
tonitrile in solution.

ESI-MS and CE–MS of Photolytes

Figure 2 shows the ESI mass spectrum of 100-fold di-
luted photolyte after a 24-h period of photolysis; strong and
intense signals due to the chain-like anions with m/z � 1200
(Table S3, Supporting Information) and very weak broad-
ened signals due to the Mo142(Ac)5(Pr)-derived multiply
charged ions 11– to 9– (of mass 21450 �50) were observed.
The latter could be tentatively assigned to [H30+x-
MoV

28MoVI
112O424(H2O)49(Ac)4(Pr)](11–x)– (fw: 21437.6 +

x, x = 0–2). Because there was no observation of the broad-
ened signals of the Mo142(Ac)5(Pr)-derived multiply
charged ions when the photolyte was diluted less than 10-
fold, it seems essential to dilute the photolyte for observa-
tion of these species, probably to avoid the masking of their
ionization by other species coexisting in the photolyte.
Thus, CE–MS analysis was attempted to separate a variety
of species in the photolyte.

Figure 3 exemplifies the CE–MS electropherogram and
spectra of the photolyte for the 24-h photolysis period,
showing a successful separation of the photolyte species
into three migration time regions (in min): 5.9–17.6 (I),
17.6–18.1 (II), and 18.1–18.7 (III) without any dilution of
the photolyte. At first, the CE–MS signals in region I were
sharp lines for species with a charge of 2– and 1– with m/z
� 1500 (Figure 3b; Table S4, Supporting Information),
which resemble the dominant signals (Figure 2) of the
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Figure 2. ESI mass spectrum of the photolyte after a 24-h period
of photolysis (diluted to 1:100 concentration); inset: magnified
spectrum for the range m/z = 1600–2800. Assignments of the peaks
observed for m/z � 1200 are listed in Table S3 (Supporting Infor-
mation).

chain-like anions observed for the above 100-fold diluted
photolyte.

Secondly, the signals in region II were observed in the
range m/z = 1400–1700 and showed six major signals at
m/z = 1444.4, 1481.3, 1515.5, 1554.7, 1593.7, and 1628.9 as
species with a charge of 4– (with isotopic separation of 0.25
m/z unit), each of which was accompanied by a species with
a charge of 5– (Figure 3c). Thereby, the signals at II were
assigned to the species with molecular weight of 5780�20,
5925 �20, 6070� 20, 6220�20, 6360 �20, and 6515� 20,
which were likely to be intermediates of Mo142(Ac)5(Pr).

Finally, the signals in region III were broad and consisted
of two sets of signals: species with charged states of 11– to
6– at m/z = 1830.4, 2021.4, 2523.6, 2904.5, and 3388.9 in
the range of m/z 1800–3500 and species with charged states
of 12– to 9– with weak intensity at m/z = 3388.9, 3687.9,
4104.9, and 4567.2 with m/z � 3000 (Figure 3d). The sig-
nals at m/z = 1800–3500 were thus assigned to the
Mo142(Ac)5(Pr)-derived multiply charged ions (of mass
20230 �100), which were tentatively identified as [(NH4)5-
H31+xMoV

28MoVI
104O404(H2O)45(Ac)3](11–x)– [fw = 20237.1

+ x, x = 0–5; Mo132(Ac)3] is associated with the removal of
two {Mo2}, two {Mo2(Ac)}, and one {Mo2(Pr)} linkers
from Mo142(Ac)5(Pr). Thus, it is interesting that Mo142(Ac)5-
(Pr) derivatives with additional defects due to the removal
of further binuclear linkers were observed also in the CE–
MS measurements. Also, the weak signals of the highly
charged states at m/z � 3000 were tentatively assigned to
the dimer derivatives (of mass 41000� 500) such as
{Mo132(Ac)3}2 and/or {Mo134(Ac)3}2, interestingly suggest-
ing that the oligomerization of the Mo-blue nanorings pro-
ceeds in the photolyte.

The time profiles of the signals observed in regions I–III
during the photolysis were investigated to obtain a kinetic
feature of the formation of the above three kinds of signals.
Figure 4 shows the relative peak areas for representative sig-
nals in regions I (m/z ≈ 512), II (m/z ≈ 1555), and III (m/z
≈ 2520). The time profile of the signals in region I derived
from the chain-like anions showed a decrease with photoly-
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Figure 3. CE–MS electropherogram and spectra of the photolyte
after a 24-h period of photolysis: (a) CE–MS electropherogram (to-
tal ion current); shaded areas represent regions I, II, and III, in
which different signals were observed (see text); (b) CE–MS signals
in region I; assignments of the peaks are listed in Table S4 (Sup-
porting Information); (c) CE–MS signals in region II; inset: CE
mass spectrum in the range m/z = 1100–1900; assignments of
charge states are indicated in the figure; (d) CE–MS signals in re-
gion III; assignments of charge states are indicated in the figure;
signals with the same character were assigned to multiply charged
ions derived from the common parent ions.

sis, reached a plateau after 168 h, and remained even after
336 h, probably because the chain-like anions with a high
response factor are easily observable. The signals in region
II derived from the plausible intermediates increased from
the beginning of the photolysis up to 50 h (Figure 4b), and
then decreased into an undetectable level. The signals in
region III of Mo142(Ac)5(Pr) derivatives increased after an
induction period of 2 h. The results of the time profiles for
the above three kinds of signals clearly indicates that the
signals in region II with molecular weights of 5750–6550
are due to the intermediates for Mo142(Ac)5(Pr). Figure 5
shows electronic absorption spectra of 1-h and 24-h pho-
tolytes and Mo142(Ac)5(Pr). Two absorption maxima
around 723 and 1050 nm for the 1-h photolyte are shifted
to 749 and 1115 nm through 750 and 1190 nm for the 24-h
photolyte. The change in such electronic absorption max-
ima suggests that the intermediates as the precursor of
Mo142(Ac)5(Pr) derivatives show absorption maxima
around 750 and 1190 nm.
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Figure 4. (a) Time profiles of relative peak areas for signals at m/z
≈ 512 (open diamonds), ≈1555 (open squares), and ≈2520 (grey-
filled triangles) observed by CE–MS for the photolytes after a 0-
to 336-h period of photolysis. (b) Magnified time profiles of relative
peak areas for signals at m/z ≈ 1555 and ≈2520 for the photolytes
after a 0- to 30-h period of photolysis.

Figure 5. Electronic absorption spectra of the photolytes after a 1-
and 24-h period of photolysis and aqueous solution of Mo142(Ac)5-
(Pr) (1�10–5 ). A quartz cell with an optical length of 0.1 mm
was used for the photolyte after a 24-h period of photolysis, and a
cell of 10 mm for other solutions. The baseline for each spectrum
is different for clarity. The peak positions around 750 nm are indi-
cated in the figure.

In the self-assembly pathways to Mo142(Ac)5(Pr), inter-
mediates with a moderate nuclearity were proposed:
{Mo20}/{Mo21}, {Mo40}/{Mo41}, {Mo82}, and {Mo122}.[3]

On the basis of this proposal, the signal in region II with
mass 6220 �20 can be tentatively assigned to [(NH4)5-
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H7MoV
6MoVI

34O125(H2O)16]4– (fw: 6223.0; {Mo40}). Simi-
larly, other signals with mass values of 5780� 20,
5925�20, 6070 �20, 6360� 20, and 6515�20 can be ten-
tatively attributed to [(NH4)7H7MoV

6MoVI
31O117(H2O)13]4–

(fw: 5789.2; {Mo37}), [(NH4)6H8MoV
6MoVI

32O120-
(H2O)14]4– (fw: 5934.2; {Mo38}), [(NH4)6H6MoV

6MoVI
33-

O122(H2O)15]4– (fw: 6078.1; {Mo39}), [(NH4)5H5MoV
6-

MoVI
35O127(H2O)17]4– (fw: 6367.0; {Mo41}), and [(NH4)5-

H3MoV
6MoVI

36O129(H2O)18]4– (fw: 6510.9; {Mo42}),
respectively. A transient spectrum suggesting other interme-
diates (Figure 6b) was obtained for the 8-h photolyte, indi-
cating the signals with mass 17800�200 (denoted by P10––
P6– in Figure 6). This species may be assigned to [(NH4)2-
H23+xMoV

22MoVI
94O353(H2O)44(Ac)3](10–x)– [fw: 17805.9+x,

x = 0–4; Mo116(Ac)3]. These results support the stepwise
condensation formation of Mo142(Ac)5(Pr).[3]

Figure 6. Transient CE–MS of the photolyte after an 8-h period of
photolysis: (a) CE–MS signals in region II; (b) transient CE–MS;
(c) CE–MS signals in region III; assignments of charge states are
indicated in the figure; signals with the same character were as-
signed to multiply charged ions derived from the common parent
ions.

Conclusions

High nuclearity Mo-blue nanoring of Mo142(Ac)5(Pr)
and its formation process were investigated by ESI- and
CSI-MS and CE–MS spectrometry. Discrete Mo142(Ac)5-
(Pr) derivatives with additional defects due to the removal
of one to five binuclear linker unit(s) were observed as
broad signals of multiply charged ions with a mass of
21000� 500. The CE–MS procedure enabled online separa-
tion and detection of coexisting species of {Mo37} to
{Mo42} with mass values of 5750–6550 as intermediates for
Mo142(Ac)5(Pr). Other plausible intermediates such as
{Mo116(Ac)3} were also detected by transient CE–MS. The
ESI-MS signals of photolytes indicative of an increase in
the number of the building blocks during the photolysis
support the stepwise assembly processes to Mo142(Ac)5(Pr).
A separation–detection procedure such as CE–MS has
promising potential for the analysis of the self-assembly re-
action of polyoxometalate species in solutions.
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Experimental Section
Materials: (NH4)6Mo7O24·4H2O, ammonium acetate, and acetic
acid (Kanto) were used as received. Ultrapure water (ca.
18 MΩcm) delivered from a Toraypure LV-08 (Toray) system was
used for the preparation of aqueous solutions. Methanol and aceto-
nitrile (HPLC grade, Kanto) were used as organic solvents.

Preparation of Mo142(Ac)5(Pr) and Photolytes: [Mo142O429H10-
(H2O)49(CH3CO2)5(C2H5CO2)]30– [Mo142(Ac)5(Pr)] was prepared
according to the photolysis of the [Mo7O24]6–/CH3CO2H system at
pH 3.4 at room temperature.[3] Electronic absorption spectra of the
photolyte at each stage of the photolysis were measured with a V-
570 spectrometer (JASCO) by using a quartz cell with an optical
length of 0.1 mm or 10 mm without dilution.

Electrospray and Cryospray Ionization Mass Spectrometry: Electro-
spray ionization and cryospray ionization mass spectrometry (ESI-
and CSI-MS) measurements were carried out with a microTOF
electrospray time-of-flight mass spectrometer (Bruker Daltonics).
A CSI unit was attached to the ESI-MS measurement system for
the CSI-MS measurements. Negative mode was employed for all
measurements (capillary voltage: 3500 V, capillary exit-skimmer
potential difference: 30 V). ESI-MS spectra were obtained by direct
infusion of the water/acetonitrile (7:3–10:0) solutions of Mo142(Ac)5-
(Pr) (2–10�10–6  in final) or the photolytes after a 24-h period
of photolysis (with 0–100 fold dilution by water) by using a syringe
pump with a rate of 180 µLh–1. The desolvation temperature was
set to 160 or 180 °C. CSI-MS spectra of Mo142(Ac)5(Pr) were ob-
tained by direct infusion of water/acetonitrile (1:4) solutions of
Mo142(Ac)5(Pr) (ca. 1�10–6  in final) by using a syringe pump
with a rate of 750 µLh–1. The desolvation temperature was set to
10 °C.

Capillary Electrophoresis Mass Spectrometry: Capillary electropho-
resis electrospray ionization mass spectrometry (CE–MS) measure-
ments were performed with a P/ACE MDQ system (Beckman
Coulter) coupled to the microTOF spectrometer by using a sheath-
flow interface. The photolyte sample for each CE–MS measure-
ment was injected into a fused silica capillary (1 m length, 50 µm
internal diameter), and separated at 20 °C under a constant voltage
of –30 kV and a pressure of 0.3 psi. Acetic acid (0.3 ) was used
as a running buffer. The sheath liquid consisting of 10 m

CH3COONH4/methanol (1:1) was applied with a rate of
0.6 mLh–1. CE–MS spectra were acquired with the same param-
eters as those for ESI-MS. The peak areas of the signals were esti-
mated from the CE–MS electropherogram and spectra by using
DataAnalysis software (Bruker Daltonics).

Supporting Information (see footnote on the first page of this arti-
cle): Assignments of signals in the low m/z region of the spectra
acquired by ESI- and CSI-MS and by CE–MS for the solution of
Mo142(Ac)5(Pr) and photolytes.
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