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Ferrocene, FcH, 1,1'- dimethylferrocene, FcMez, some (ferrocenylalkyl)ammonium iodides, Fc-
(CH2)nNRoR'*1™, chlorides, Fc(CH2)nNRoRtTCl™ [Fc= (CsHs)Fe(CsHy); n=1 and 2; R, R'=H
and Me], benzyldimethyl-, benzyltrimethylammonium and octylammonium iodides reacted with pow-
dered gel- V2Os suspended in ethanol to afford intercalation compounds; V2Os-(H20)0.6-[FctH]o.27,
V205'(H20)0,6°[FC+M62]0‘22, V205'(HzO)o‘G-[FC+CH2NHM62+]0,16, V205-(HQO)o,G'[FC+CH2NM63+]0,15,
V205'(H2O)o.g'[FC+CHQCH2NH3+]O‘21, V205°(HzO)O.s'[FC+CHQCH2NM63+]0.14, VzOs'(HQO)o,s'[FC+CH2—
NHMezto.18, V20s5+(H20)0.6+[FctCH2CH2NH3%]0.22, V205+(H20)0.6-[PhCH2NHMe;z % ]o.29, V205+(H20)o.6-
[PhCH;NMes+]o.24, and V20s5-(H20)0.6:[n-CsH17NH3o.33. The intercalation compounds are constructed with
layered V205 moieties in both V(IV) and V(V) states and the ferrocenium, the ferrocenium derivatives, the
benzyldimethyl-, the benzyltrimethylammonium or the octylammonium cation in the interlayer space, produc-
ing the single V2Os-interlayer spacings. Molecular arrangements of these (ferrocenylalkyl)ammonium species in
the interlayer space and electronic states of the guest and the host moieties are discussed on the basis of powder
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X-ray diffraction patterns as well as powder reflectance, ESR and X-ray photoelectron spectra.

Lamellar inorganic solids have been investigated with
much interest, because they can include various metal
ions, organic and organometallic compounds in the in-
terlayer spaces, and these guest molecules have charac-
teristic structures and electronic states.!’ As reported
previously,>—® ferrocene and (ferrocenylalkyl)ammoni-
um derivatives can be intercalated into the vanadium
oxide phosphate (VOPOy,) interlayer space through the
redox reaction. Molecular arrangements and the oxi-
dation states of the guest molecules in the interlayer
space are greatly affected by the extent of proximity of
the ammonio groups and the ferrocenyl center to the
vanadium site of the host skeleton.®

Vanadium(V) oxide xerogel (gel-V205) has also a
lamellar structure,” and can be intercalated with
various metal ions,”® organic compounds®—'V and
organometallic compounds'? by the cation exchange
or the redox reaction. Its structure has been investi-
gated with electron, X-ray,'® and neutron diffraction
analyses.!” The distance between the nearest neigh-
boring vanadium ions as a redox site of gel-V,0s5 is
estimated to be shorter than that of VOPO,.15—®
Thus, the molecular arrangements and electronic states
of the (ferrocenylalkyl)ammonium compounds interca-
lated into the gel-V4Oj interlayer space can be interest-
ingly compared with those of the VOPQy intercalation
compounds, and important factors for their intercala-
tion into the VOPO4- and V2Os-interlayer spaces may
be clarified.

This paper reports the intercalation of ferrocene, 1,1'-
dimethylferrocene and several (ferrocenylalkyl)ammo-
nium compounds into the V505 interlayer space accom-
panied with the reduction of the V(V)- to V(IV) site.
On the basis of powder X-ray diffraction patterns, elec-
tronic reflectance, ESR and X-ray photoelectron spec-
tra, electronic states and molecular arrangements of the

V5 Os-intercalation compounds are discussed in compar-
ison with those of the VOPQOyg-intercalation ones.

Experimental

Materials. Gel- V305 [V20s5:(H20)1.6] was pre-
pared according to the literature.!® Ferrocene, FcH, and
1,1’- dimethylferrocene, FcMe2, were commercially avail-
able. (Ferrocenylalkyl)ammonium iodide and chloride were
prepared as reported previously.s) 2-Ferrocenylethanamine,
FcCH,CH,NH;,2? (ferrocenylmethyl)trimethylammonium
iodide, FcCH2NMes¥1™, and (2-ferrocenylethyl)trimethyl-
ammonium iodide, FcCH2CH2NMest17,%") were prepared
according to the literatures. Commercially available [(di-
methylamino)methyl]ferrocene, FcCH2NMe,, reacted with
HCIl and HI aqueous solutions to afford (ferrocenylmeth-
yl)dimethylammonium chloride, FcCHeNHMe,*Cl™, and
iodide, FcCH;NHMe,"1".  Similarly, (2-ferrocenyleth-
yl)ammonium chloride, FcCH,CH:NH37Cl™, and iodide,
FcCH2CH,oNH3 I~ were prepared from 2-ferrocenylethan-
amine. N,N-Dimethylbenzylamine reacted with an HI aque-
ous solution or methyl iodide to afford benzyldimethylam-
monium iodide or benzyltrimethylammonium iodide. Octyl-
amine reacted with an HI aqueous solution to give octylam-
monium iodide.

Intercalation of the Ferrocene Derivatives into
Gel-V20s5. Into an ethanol (100 cm?®) solution of
FcH (0.78 g, 4.2 mmol) or FcMe; (0.90 g, 4.2 mmol)
was added finely powdered gel-V20s (300 mg, 1.4 mmol)
and the suspended solution was stirred at room tem-
perature for 30 d in darkness. The resulting precipi-
tate was collected by centrifugation, washed with etha-
nol and dried in vacuo. The compositions of the prod-
ucts were Vo05+(H20)o.6-[FcTH]o.27 (1) (Found: C, 13.22;
H, 1.61%. Calcd for C2‘7H3,9Fe(),2705,6V23 C, 13.35;
H, 1.62%) and V20s5-(H20)0.6:[Fc*Mez]o.22 (2) (Found:
C, 13.33; H, 1.82%. Calcd for Cs.e5H4.3Fep.22005.6Va:
C, 13.27; H, 1.81%). Similarly, an ethanol (200
cm?) solution of FcCHeNHMe; I~ (1.56 g, 4.2 mmol),
FcCH2NMesTI™ (1.62 g, 4.2 mmol), FcCHyCH;NH3 1~
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(1.50 g, 4.2 mmol), or FcCH,CHoNMe3 ™1™ (1.68 g, 4.2
mmol) suspended with gel-V205(300 mg, 1.4 mmol) was
stirred at room temperature for 21 d to afford interca-
lation compounds: Vzos'(HzO)o‘e-[FC+CH2NHM62+]0,16
(3) (Found: C, 10.59; H, 1.30; N, 1.22%. Calcd for
C2.1Hs1Fe.16N0.1605.6V2: C, 10.87; H, 1.78; N, 0.97%),
V205'(H20)0‘6°[FC+CH2NM63+]0‘15 (4) (Found: C, 10.52;
H, 1.87; N7 1.30%. Calcd for Cz,1H4,2F€0,15N0‘1505.6V2:
C, 10.90; H, 1.83; N, 0.91%), V20s5-(H20)¢.8+[FcT CH,CH-
NHs3%]o21 (5) (Found: C, 12.36; H, 1.75; N, 1.06%.
Calcd for 02‘5H4.95Feo,21N0421O5,3V2: C, 12.29; H, 2.04;
N, 1.20%) or V205°(HQO)o.s'[FC+CHQCH2NMG3+]Q,14 (6)
(Found: C, 10.91; H, 1.60; N, 0.86%. Caled for
CQ,1H4,7F€0,14N0,1405‘3V2: C, 10.76; H, 2.02; N7 0.84%).

Finely powdered gel-V20s5 (300 mg, 1.4 mmol) was sus-
pended in an ethanol (100 cm?®) solution containing an ex-
cess amount of FcCH,NHMe>"Cl1™ (1.71 g, 4.2 mmol) or
FcCH,CH,NH3 Cl™ (1.12 g, 4.2 mmol) and the suspended
solution was stirred for 30 d at room temperature to af-
ford a precipitate of V20s+(H20)o.6+[FctCHoNHMes™]o.18
(7) (Found: C, 11.76; H, 1.99; N, 1.51%. Calcd
for Cz.4H44Fe0.18N0.180s6V2:  C, 11.92; H, 1.89;
N, 1.06%) or V20s-(H20)0.6:[FctCH2CH2NH3%]o.22 (8)
(Found: C, 13.00; H, 2.24; N, 1.14%. Caled for
C2,7H47F€0,22N0.2205,6V2: C, 13.08; H, 1.95; N, 1.27%).
The compound intercalated with the benzyldimethyl-
ammonium, the benzyltrimethylammonium or the oc-
tylammonium cation was also prepared by the reac-
tion of finely powdered gel- VoOs suspended in eth-
anol with an excess amount of PhCH;NHMe, 1™,
PhCH2NMe3tI™ or n-CgH17NH3 17, as described above:
V205-(H20)0.6:[PhCH2NHMe:*]o.20 (9) (Found: C, 13.31;
H, 1.95; N, 1.82%. Caled for C2.6Hs.25Np.29056Va: C,
13.46; H, 2.28; N, 1.75%), V20s5+(H20)0.6:[PhCH2NMes ™ ]o.24
(10) (Found: C, 12.68; H, 1.95; N, 1.39%. Calcd for
C2_4H5,05N0,2405‘6V2: C, 12.60; H, 2.23; N, 1.47%), or
V205-(HzO)o,s'[n-CSH17NH3+]0433 (11) (Found: C, 13.51;
H, 3.19; N, 2.05%. Calcd for 02465H7,3N0,3305,6V2: C,
13.50; H, 3.33; N, 1.96%). Weight percents of included water
per the V2Os unit were determined for all the intercalation
compounds by the thermogravic method; weight percent of
water (caled for HoO molecules per V20s): 1, 4.1 (4.4); 2,
4.3 (4.5); 3, 4.0 (4.7); 4, 4.3(4.7); 5, 6.2 (5.9); 6, 5.9 (6.1);
7,4.9 (4.6); 8, 5.0 (4.4); 9, 4.0 (4.7); 10, 4.7 (4.7); 11, 4.8
(4.6%).

Physical Measurements. Powder reflectance spectra
were recorded on a Shimadzu UV-2200 spectrophotometer
equipped with a 60¢ integrating sphere unit at room temper-
ature. X-ray photoelectron spectra (XPS) were measured by
irradiating the compounds with Mg Ka X-rays (240 W) at
298 K using a Shimadzu-ESCA 750 photoelectron spectrom-
eter equipped with an ESCA PAC 760 computer analyzer.
All the spectra were referenced to the carbon 1s;/, photo-
electron peak (285.0 eV) for correction of the charge effect.
ESR and X-ray powder diffraction patterns were measured
at room temperature, as described previously.” Thermo-
gravic analysis was also carried out as described previously.*)

Results and Discussion

Intercalation of the Ferrocene Derivatives into
the V.05 Interlayer. The vanadium(V) site
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of the gel-V20s5 can be reduced by the iodide ion
and the ferrocenyl (Fc) center to form the interca-
lation compounds containing the cations having am-
monium and ferrocenium (Fc™) centers to compensate
the charge. FcCHoNHMe, 71~ and FcCH,CHoNH3 I~
can reduce V05 with both the Fc center and the
iodide ion to afford intercalation compounds 3 and
5, which are similar to the VOPOQy-intercalation
compounds.” On the other hand, in the reactions of
FcCH>NHMe, 1 Cl~ and FecCH,CH,NH3 1 Cl™, only the
Fc centers can reduce the vanadium (V) site to yield
compounds 5 and 6. In the intercalation reaction
of VOPO, with these salts, FcTCH;NHMe,TCl~ and
FctCH,CH;NH;3tClare included in the VOPOQy inter-
layer space.” However, compounds 5 and 6 do not con-
tain the chloride ion. This finding indicates that these
ferrocenyl compounds are intercalated into the V3Os
interlayer through the redox reaction of the Fc center
together with the ion exchange as reported for V,05-
intercalation compounds with several cations included
in the interlayer space.” 10!

Figure 1 shows the X-ray diffraction pattern of com-
pound 1, together with that of gel-V20Os5. The inter-
layer distances of the V3Os-intercalation compounds
have been determined by these spectra. They are
summarized in Table 1. Compound 1 has almost the
same interlayer distance as the Vo,Os-FcTH intercala-
tion compound in which the Fc™H cation was interca-
lated by an ion-exchange reaction (13.22—13.27 A).1»
All the ferrocenyl derivative compounds 1—8 as well
as the benzylammonium compounds 9 and 10 have
similar interlayer distances (13.2—14.2 A). Dehydra-
tion of V205-(Hz0);.6 to V2Os5-(H20)g.6 was reported
to result in the decrease of the interlayer spacing to
8.8 A.22 The space-expansion between the neighbor-
ing V405 layers for the present compounds are esti-
mated to be 4.4—5.4 A. Thus, the (ferrocenylalkyl)-
ammonium and the benzylammonium cations seem to
be intercalated into the V2QOj interlayer space with the

(001)

(001) (002) (003) (004) (005)
5 10 5 P 2 % 35
26 (deg)
Fig. 1. X-Ray powder diffraction patterns of (a)

V205'(H20)1~6 and (b) VzOs‘(HzO)o,e'[FC+H]o,27
(1).
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Table 1. Interlayer Distances (d) of the V,Os Inter-
calation Compounds
Compound d/A
V20s+(H20)1.6 11.6%
V205+(H20)0.6-[Fct Hlo.27 (1) 134
V2O5-(H20)0‘6°[FC+Me2]0‘22 (2) 13.4
VzOs'(HQO)o‘e°[FC+CH2NHM62+10,16 (3) 13.5
V205'(HzO)o.e-[FC+CH2NMe3+]o~15 (4) 13.2

V20s-(H20)0.5:[Fc"CH2CH2NH3]0.21 (5) 13.4

V2O5'(HzO)o,g°[FC+CHQCH2NM83+]0,14 (6) 13.5

V205'(HzO)o,s'[FC+CH2NHM62+]0,13 (7) 130

V20s5-(H20)0.6+[FcTCH2CHaNH3  ]o.22 (8) 13.4

V205-(H20)o_6-[PhCHzNHMez+]0,29 (9) 14.2

V205-(HzO)o_e°[PhCH2NM63+]0,24 (10) 14.1

VzOs-(HgO)oﬁ-[n-CgH17NH3+]0,33 (11) 26.0
a) Ref. 22.

long directions of these cations arranged approximately
parallel to the swelling Vo053 sheet (Fig. 2). This ar-
rangement of the (ferrocenylalkyl)ammonium cations
is close to those of (ferrocenylalkyl)trimethylammoni-
um and benzyltrimethylammonium—VOPOQO, intercala-
tion compounds.® On the other hand, compound 11
exhibits a long interlayer distance, indicating an ori-
entation of the octylammonium cation declined to the
perpendicular direction of the V305 sheet. Such an
arrangement of the guest molecule was reported for
V20s5 intercalation compounds having alkylammonium
cations with long alkyl chains.”) (Ferrocenylalkyl)am-
monium cations with the -NHR,*groups (R=H and
Me) can be intercalated into the VOPQ, interlayer with
the arrangement approximately perpendicular to the
VOPOy, sheet,” which is in contrast to the orientation
of these cations parallel to the VO35 sheet observed for
the present intercalation compounds.

Electronic States of the (Ferrocenylalkyl)am-

i i
-0—V—0- -0—V—0-
'\

“N . /CH3

( ) CHpiN

s
=

0

n u
-0—V—0- -0—V—0-

Fig. 2. Schematic arrangement of (ferrocenylalkyl)-
ammonium compounds in the V;Os interlayer space.
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monium Derivatives in the Interlayer Space.
The reflectance spectra of compounds 3 and 9, together
with that of V,05:(H20); 6, are illustrated in Fig. 3.
All the compounds show an intense band at 440 nm ac-
companied with a reflectance edge tailed to around 600
nm, which is due to the charge-transfer transition be-
tween the oxygen and vanadium atoms.?® Compound
3 shows a band at 639 nm which is characteristic of the
Fct center.?¥ All the intercalation compounds 1—8
show the bands around 640 nm. In accordance with
these findings, XPS of compounds 1-—8 have exhib-
ited broad peaks at 710.1—711.6 eV which are due to
Fell 2p; /5 electrons.2>—2" They are in contrast to the
peaks observed at 708.4—708.6 eV for the correspond-
ing Fc compounds having the Fe(II) state. The ob-
served reflectance bands due to the Fc* centers and
the binding energies of Fe 2p3/, electrons of the com-
pounds determined from XPS are summarized in Ta-
ble 2. The presence of the Fct centers in the interca-
lation compounds indicates that the redox reaction oc-
curs between the Fc centers and the vanadium(V) sites.
On the other hand, in the VOPOy interlayer® the Fc
centers of (ferrocenylalkyl)ammonium cations with the
-NHR," groups (R=H and Me) are not oxidized be-
cause they are arranged approximately perpendicular
to the VOPO, sheet, the Fc centers not being close
to another vanadium(V) site. In the VOPOy, intercala-

2
£
3
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8
8
«
g
£

b)

c)

1 1 1 J

400 500 600 700 800

Wavelength / nm

Fig. 3. Powder reflectance spectra of (a) V20s5+(H20)1.6,
(b) V205°(H20)o,6°[FC+CH2NHM62+]Q.16 (3), and
(C) VzOs°(H20)o,6'[PhCHQNHMe2+]0,29 (9) at room
temperature.
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Table 2. Band Maxima (Amax) in the Reflectance a)
Spectra, Binding Energies (Ey,) of Fe 2ps/o Elec-
trons Determined by XPS and ESR Peak-to-peak
Linewidths (b)a) of the V,0s5 Intercalation Com-
pounds
Compound Amax /nm  Ey /eV b/ mT
1 622 711.3 44.0 b)
2 636 711.3 43.0
3 639 710.6 26.0
4 645 710.5 20.0 ) ot
5 639 710.6 24.0 e i
6 640 710.1 24.0 /,/'
7 640 711.2 35.0 "
8 640 711.2 36.0 9
9 10.0 —
10 13.0
FcCH2NHMe, T~ 708.6%) somr g=
FcCH2NHMe,ClL™ 708.6 |
FcCH;NMes t1~ 708.4%)
FcCH,CH,NH3* Cl1™ 708.6
FCCHzCHzNM63+I_ 708.5b) Fig. 4. ESR spectra of (a) V205°(H20)1.6, (b)

a) g=1.97. b) Ref. 5.

tion compounds containing (ferrocenylalkyl)ammonium
cations with the -NMe3* group the cations are arranged
parallel to the VOPO, sheet, where the Fc center of
the FcCH;NMes T cation is not oxidized because it can-
not be close to another neighboring vanadium(V) site,
while the Fc center of the FcCHyCH;NMeszt cation
can be oxidized owing to the proximity of the Fc cen-
ter to another vanadium(V) site.® On the contrary, all
the present (ferrocenylalkyl)ammonium cation moieties
are intercalated into the V5,05 interlayer accompanied
with the oxidation of all the Fc centers. This suggests
that the Fc centers of the (ferrocenylalkyl)ammonium
cations can be located close to another vanadium site in
the V205 interlayer in which the distance between the
nearest neighboring vanadium atoms can be estimated
shorter than that in the VOPOQy interlayer.

The vanadium(V) moiety of gel-V,05 is reduced
both by the iodide ion and by the Fc center to form
the vanadium(IV) site which gives an approximately
isotropic, intense ESR signal. The ESR. signals of com-
pounds 1, 3, and 9 are illustrated in Fig. 4, together
with that of gel-V,05. Since gel-V,Os contains the
vanadium(IV) moiety in ca. 20%,?® it exhibits an ESR
signal having the hyperfine structure due to the cou-
pling of the unpaired electron with the 5V nuclear
spin (I=7/2, 100%). The intercalation compounds
show a signal at ¢=1.97 without a distinct hyperfine
structure, as observed for compounds 9 and 10 hav-
ing a diamagnetic guest cations in the interlayer space.
This is because of the dipolar and exchange interac-
tions due to the increased V(IV) sites.”” On the other
hand, the V205 compounds intercalated with the Fct
centers exhibit much broad signals. These broaden-
ing seems to be due to the rapid electron-spin relax-

V205°(HzO)o,s*[PhCHQNHM62+]0,29 (9), (c) V205°-
(HzO)o,e-[FC+CH2NHM92+]0.16 (3), and (d) V205°-
(H20)o.6+[FctH]o.27 (1) at room temperature.

ation process which is caused by strong spin—spin in-
teractions furnished by the nearby paramagnetic Fct
centers, as was suggested for the Moy5*-intercalated
VOPO, compound.?® The peak-to-peak linewidths of
the compounds are listed in Table 2. The similar broad-
ening of the signals due to the V(IV) state was observed
for the VOPO4-(ferrocenylalkyl)ammonium intercala-
tion compounds in which the Fct centers are located
close to the vanadium(IV) site.®) All the present V2Os
compounds intercalated with the (ferrocenylalkyl)am-
monium cations exhibit broad signals, which confirm
the proximity of the Fct center to the vanadium(IV)
site. This is consistent with the arrangement of the
guest molecules parallel to the Vo035 sheet, as displayed
in Fig. 2. ESR signals due to the Fc* centers have not
been observed even at 77 K, as was pointed out the dif-
ficulty of detecting the signal of the ferrocenium cation
and its derivatives.30:3V
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