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A problematic coordination behavior of highly hygroscopic FeCls in DMF solution was studied. From the compositional
and structural analyses for the adduct of FeCls/DMF using various techniques such as FTIR, elemental analysis,
UVIvis, XPS, and TGA/DTG, it was found that the iron cation exists in the form of an Fe®* cation and coordinates
via the carbonyl oxygen atom of amide bond in DMF. The analyses of both FT-IR and XPS C 1s spectra for the
adduct revealed that 2.1 molecules of DMF coordinate with a more electron-deficient Fe**; otherwise 1.2 molecules
of DMF coordinated with a relatively electron-rich Fe**. The Cl 2p spectrum indicated that the electron-deficient
Fe®* coordinated with two chlorine ions and the electron-rich Fe®* with four chlorines so that the chemical formula
of the adduct is of [FeCl(DMF);,(H,0),7]"[FeCls(DMF),1]~. The water molecules in the adduct were found
chemisorbed rather than physisorbed, with a singular binding energy.

Introduction pressure of 0.6 Torr, the obtained yellowish crystalline
complex was reported to have the composition of geCl
3DMF, being insoluble in nonpolar solvents, such as ether
or ethyl acetaté. However, when Yilmaz et &l.prepared
the same system by dissolving anhydrous E&@Chn excess

Of common solvents which have been used in organic and/
or inorganic reactions, MeCN, pyridine, ¥&0 (DMSO),
and DMF may be the ones most likely to act as ligands and

theref haps to divert th ti i talyst f 2.
eretore pernaps 1o divert the reactions using a catays romamount of DMF and crystallizing the adduct aft2 h of

their intended godl.For DMF, the simplest disubstituted . "
carboxylic acid amide, many researchers have reported thestlmng, the composition was Rels-3DMF-2H,0, character-

adducts between DMF and various metallic catalysts, such'zed py UV/visland IR spectral and thgr_m al analyses. Despite
as 3d transition metals, e.g. Mn(DMETIO,)s? the 2B the difference in the reported composition of the REIMF
family,® ChCly-3DMF Zr112CI. -éDMF and Hgél 2DMF coordination complex system, there has not been any further
and th,e 4B f;mW Ti,CI4-2D|‘\1/IF and,ZrCJ;-ZDMlg ' study on this issue. Moreover, even in the previous studies,
However, for 8B transition metals, such as iron, cobalt, the coordination behavior of FeQhith DMF and/or water

and nickel, that are very hygroscopic, the chemical composi- molecules was not fully understood.

tion and the coordination complex structure have been métnii)rfzgs :ggleari\rztigfs:trﬂ:lti\é)vr?rkusfi?] CI\?;':?(’)JQetegggiveu'es
somewhat in dispute. For example, when ferric chloride P ' 9 4

(FeCk ) was dissolved in DMF and then recrystallized by f(uf‘: ashilg rgleer(l:ttiljﬁnsd g:irrcr)r;iloana(lg/(iess), jﬂf);u:xa;g has
solvent evaporation at room temperature under reduced yp ) P copy (. : gn ~

been conventionally used to investigate the electronic status
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Table 1. Atomic Compositions of cc-FeglObtained from the Elemental Analysis and the Relative Peak Area in XPS High-Resolution Spectra

composn method param ac N& Ha O Fe Cl
(FeCh)2(DMF)3 5(H20)2.7 EA wt % 19.33(19.50) 7.61 (7.58) 3.33(4.66) 69.733
XPS area 6914 2938 9715 14 883 10 967
mol 4.9 1.3 2.9 0.9 3

a Calculated value in parentheses.

in this study to apply the XPS technique to the elucidation
of the coordination complex structure both quantitatively and O1s
qualitatively, which had never been done in earlier studies.
C1s

Experimental Section Fe 2p

Materials and Formation of the FeClk/DMF Coordination
Complex (cc-FeC¥). Considering that a compositional difference
was reported even though experimental procedures were almost
the same in the previous two studies, basically the same experi-
mental procedures as in the previous stutfesgere followed to
avoid the complexity in the coordination structure that may be
caused by adopting different experimental procedures.

Anhydrous iron(lll) chloride (97%, Fluka, USA) (0.283 g) was
completely dissolved in excess DMF (99%, Daejong, Korea) that : : : ; :
was distilled before use to get a clear yellow solution under dried 1200 1000 800 600 400 200
N, atmosphere. After thorough dissolution, the excess DMF was Binding Energy (eV)
vacuum-evaporated at 58 for 5 days to get a pale yellow
crystalline powder (recrystallization). The yellowish crystalline
compound was finally obtained after washing with anhydrous Results and Discussion

dimethyl ether (98%, Daejong, Korea) and drying in a vacuum at " . .
55 °C. Composition of cc-FeC}. To determine the chemical

Structural Characterization of cc-FeCls. Interaction between composition of cc-Feg the' XPS survey spectra and
the metal and DMF molecules was monitored with a KBr-pelleted €l€mental analyses were obtained and the results were shown
sample on an FT-IR spectrometer (Perkin-Elmer Spectrum 2000 in Figure 1 and Table 1. Figure 1, exhibiting five charac-
spectrometer, USA) with a scan number of 32 and a resolution of teristic peaks corresponding to C 1s, O 1s, N 1s, Fe 2p, and
4 cnrl, Cl 2p, apparently shows that the intensity of the O Is peak

C, H, and N elemental analyses were carried out with a CHNS- is considerably higher than the expected one from DMF,
932 (LECO, USA), and thermogravimetric analysis (TGA) was while the peak intensities of the other atoms, such as C 1s
carried out on a TGA/DTA220 (Seiko, Japan) with heating rate of and N 1s, remain the same compared with the theoretically
2 °C/min under dry nitrogen atmosphere from 20 to 300 expected one from DMF. This observation implies that

XPS spectra were recorded on a Surface Science Instrumentsanother chemical species containing an oxygen atom may
spectrometer (SSI, 2803-S) equipped with a monochromatiCoAl  exist in cc-FeGJ. Indeed, the FT-IR spectrum of cc-FeCl
X-ray source of 200 W (base pressurel x 10 °Torr). The pass  shown in Figure 2, suggests the existence of a water molecule

energy was 44.75 eV (0.5 eV steps) and 17.90 eV (0.05 eV steps);, ihe cc-FeGJ, evidenced by the appearance of the peak at
for the survey and high-resolution spectra, respectively. A takeoff 3300 cm arising from an—OH group. The involvement

angle of 75 relative to the surface plane was used to obtain all f ist i th dduct be likelv d to th
spectra. All the XPS spectra were corrected for charging effect by of moisture In the adduct may be likely due to the

referencing the C 1s peak of hydrocarbons to 285.0 eV. High- hygroscopicity of F_eGjl

resolution spectra were analyzed to identify various chemical ~From the quantitative analyses by XPS and elemental
species present. Each spectrum was curve-deconvoluted using th@nalysis as shown in Table 1, the composition of cc-geCl
XPSPEAK2 softwardl12 Quantification of XPS spectra was could be determined as (FeJz(DMF)33(H20),.7. Com-
achieved by curve integration after baseline correction using a pared with the two earlier studies, the present result is in
Shirley baseline equation and correcting the integrated area usingvery good agreement with the result of Yilmaz et al., i.e.,

N1s

Intensity (a.u.)

Cl 2p

Figure 1. XPS survey spectrum of cc-FeCl

each elemental sensitivity factor. (FeCk)2(DMF)3(H,0),, despite the bit higher amounts of
To examine the status of the iron cation, the tisible DMF and HO. The involvement of KD in the adduct
spectrum was recorded on a 8452A d'Oge'array—Wﬁ'b'e formation and the subtle discrepancy in the chemical
spectrophotometer (Hewlett-Packard, USA: composition may indeed be caused by the hygroscopicity of
(9) Graat, P. C. J.; Somers, M. A.Appl. Surf. Scil996 100/101 36— (13) Caemelbecke, E. V.; Will, S.; Autret, M.; Adamian, V. A.; Lex, J.;
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Sci. 1997, 119 253-259. (14) Arulsamy, N.; Bohle, D. S.; Hansert, B.; Powell, A. K.; Thomson, A.
(11) Kim, D. H.; Jo, W. H.Macromolecule200Q 33, 3050-3058. J.; Wocaldo, Slnorg. Chem.1998 37, 746—750.
(12) Losito, I.; De Giglio, E.; Cioffi, N.; Malitesta, CJ. Mater. Chem. (15) Durfey, D. A.; Kirss, R. U.; Frommen, C.; Feighery, Worg. Chem.
2001 11, 1812-1817. 200Q 39, 3506-3514.
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Figure 2. FT-IR spectra of (a) DMF and (b) cc-FeCl
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Table 2. Donor Number (DN), Acceptor Number (AN), and Relative
Permittivity (Dielectric Constani/eo) of Selected Solvertd®

solvent DN AN €eleg

acetic acid 52.9 6.2
acetone 17.0 12.5 20.7
benzene 0.1 8.2 2.3
carbon tetrachloride 8.6 2.2
dimethylformamide (DMF) 24.0 16.0 36.7
ethanol 19.0 37.1 24.3
methanol 20.0 41.3 32.6
propionitrile 16.1

pyridine (py) 33.1 14.2 12.3
tetrahydrofuran 20.0 8.0 7.3

aThe ratioe/eg is more convenient to use than the value of the permittivity
in absolute units.

FeCk with which the measure of hydration varies inevitably
with the experimental conditions.

Coordination Sites.To find out the coordination site, the
nature of interaction between Fg@nd DMF was investi-
gated using transmission FT-IR spectroscopy for DMF and
cc-FeC4, respectively.

From the viewpoint of coordination site, DMF has two
possible ligands, i.e., oxygen in the=© and nitrogen in
the C-N bond. Gutmantf has introduced the donor number

Chart 1. Resonance Structure of DMF in cc-FeCl
Fe3*
A
O\ 8+/CH
C==N
/ X
H CH3

3

As shown in Figure 2, DMF shows characteristic absorp-
tion band$’ at 1655 and 655 cnt. When DMF binds to
FeCk, the band at 1655 cm shifts to 1645 cm! due to the
weakening of the double-bond nature of the carbonyl bond,
the one at 655 cnt shifts to 700 cm?, possibly due to the
increase in the order of the amide-® bond+ (see Chart
1), and new peaks appear at 400 and 407¢rvhich can
be attributed to FeO bond formatiort? as shown in Figure
2b.

The appearance of a lower shifted peak at 1645cm
higher shifted peak at 700 cry and the FO bond
formation indicate that Fegtoordinates to an oxygen atom
in the G=0 bond but not to the nitrogen atom of DMF. And
double peaks at 400 and 407 chattributed to the FeO
bond may imply the existence of two different kinds of
coordination conditions between Fg@hd DMF. The details
of this issue are discussed in the following sections.

Coordination Complex Structure of cc-FeCk. To ex-
amine the nature of the Fe bond in cc-FeG| the high-
resolution XPS spectrum of each component atom was
obtained. First of all, with the inspection of the Fe 2p
spectrum shown in Figure 3, two characteristic peaks of Fe
2p3/2 and Fe 2p1/2 with broad satellites were observed at
711.6 and 724.8 eV, respectively. Graat and Sotmeported
from the study of iron oxide films that Ee cation exhibits
the two characteristic peaks of Fe 2p3/2 and Fe 2pl1/2 at
711.2 and 724.3 eV, with two satellite peaks at 719.5 and
733.6 eV, respectively. For the Feation, the two charac-
teristic peaks appear at 709.8 and 722.8 eV, with two
satellites at 716.4 and 730.0 eV, respectively. Although there
is some overlap, due to the broadness in satellite peaks,
between the literature reported and the experimentally
observed, Figure 3 clearly shows that the two characteristic
peaks coincide with those of literally reported foftFeation.

(DN) and acceptor number (AN) as a measure of the basicity This observation is also supported by the tWs spectrum
and acidity of a solvent, respectively, to describe the measureof cc-FeCh shown in Figure 4 that exhibits two separate
of interactions between metal and nonaqueous solventpeaks: one is a strong and sharp peaknak = 275 nm,

molecules. Donor number is defined as the negative reactionand the other is a relatively low-intensity peak atx

enthalpy of a base with the Lewis acid antimony penta-
chloride, Shd:

B + SbCL— B — SbCl DNgyc, = —AH,

These donor numbers provide an interesting comparison

of the relative donor abilities of the various solvents (see
Table 2). Since DMF has DN and AN values (BN24.0,
AN = 16.0%) similar to those of pyridine (DN= 33.1, AN

= 14.2) that has been generally known as one of the best

donors, DMF is likely to behave a strong donor.

(16) Gutmann, VThe Donor-Acceptor Approach to Molecular Interac-
tions Plenum: New York, 1978.

475 nm. The peak atmax = 275 nm can be attributed to a
m — st* transition of the resonance structure of DMF in cc-
FeCk as shown in Chart 32°The peak aflmax = 475 nm
can be due to the O Fe" charge-transfer complex as
indicated by earlier studia-2® It may thus be possible to

(17) Pavia, D. L.; Lampman, G. M.; Kriz, G..SJr Introduction to
Spectroscopy: A Guide for Students of Organic Chemidtty B.
Saunders Co.: Philadelphia, PA, 1979.

(18) Nakamato, NInfrared and Raman Spectra of Inorganic and Coor-
dination CompoundsWiley: New York, 1978.

(19) Stranger, R.; Mcgrady, J. E.; Arnold, D. P.; Lane, I.; Heath, G. A.
Inorg. Chem.1996 35, 7791-7797.

(20) Graf, D. D.; Mann, K. RInorg. Chem.1997, 36, 141—149.

(21) Nozaki, C.; Kiyoto, I.; Minai, Y.; Misono, M.; Mizuno, Nlnorg.
Chem.1999 38, 5724-5729.
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Figure 3. XPS high-resolution spectrum of Fe 2p in cc-FeCl Figure 5. XPS high-resolution O 1s spectrum of cc-FgCl
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Figure 4. UV —visible spectrum of cc-Fegin DMF. Figure 6. Curve-fitted XPS high-resolution C 1s spectrum of cc-ReCl

draw a tentative conclusion at this juncture that the bond of that this peak consists of more than one component peak_
Fe—O is of the F&"—O type rather than anything else. By recollection that the two characteristic absorption bands
However, from the two peaks of F®© at 400 and 407  due to the formation of the FeD bond were observed in
cmt in the FT-IR spectrum and the above discussion for the FTIR spectrum (see Figure 2), it can be reasoned that an
the peaks in the Fe 2p spectrum, we may possibly expectadditional component peak contributing to the intensity of
two different binding energy states of ¥e-O bond. Itis  the peak at 532.0 eV would come from the one type of O 1s
thus necessary to examine closely the O 1s spectra of theof DMF molecules of two different coordination states in
DMF molecule and cc-Fegls shown in Figure 5. There  (FeCk),(DMF)35(H:0)y.7.
are apparently two peaks that may be identified as one from  To manifest the above argument, further analyses on the
an absorbed ¥D molecule at 532.0 e¥ %" and another from  detailed structures of (Fe§i(DMF); {H;0),; were carefully
DMF at 530.9 eV. But it should be noted here that the area made with C 1s and Cl 2p spectra.
of the peak at 532.0 eV is higher than the expected value, As shown in Figure 6, the high-resolution spectrum of C
i.e., 2.7:3.3, from the composition of the (FeRIDMF)s 5 1s shows three definite peaks due to the carbon atoms with
(H20).7 complex. So, it would be reasonable to postulate different binding environments. Since the carbon atoms are
included only in DMF, three peaks may be attributed to the
two carbon atoms of the methyl groups and the one in the
amide carbonyl group. However, since the two methyl
carbons have identical electron densities at the core level
and the electron density can only be changed within at most
two neighboring bonds from the coordination site, it is likely
that the electron densities of those two methyl carbon atoms
remain almost intact even though the environments around

(22) Zonnevijlle, F.; Tourne, C. M.; Tourne, G. Fhorg. Chem1982 21,
2751-2757.

(23) Mohamed, N. AEur. Polym. J.1998 34, 387—-398.

(24) Mcintyre, N. S.; Zetaruk, D. GAnal. Chem1977, 49, 1521-1529.

(25) Pratt, A. R,; Muir, I. J.; Nesbitt, H. WGeochim. Cosmochim. Acta
1994 58, 827-841.

(26) Banerjee, D.; Nesbitt, H. WGeochim. Cosmochim. Ac001, 65,
1703-1714.

(27) Herman, G. S.; McDaniel, E. P.; Joyce, S.JAElectron Spectrosc.
1999 101103 433-438.
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Figure 7. Curve-fitted XPS high-resolution CI 2p spectrum of cc-F£Cl  Figure 8. Curve-fitted XPS high-resolution O 1s spectrum of cc-ReCl

the coordination site varies. It is thus reasonable for three
peaks to expect that, in addition to a single peak by the two
methyl carbons, there exist two different coordination states -
of carbonyl oxygen so that the binding energy at the core
level of carbonyl carbon becomes higher to a different extent
due to the difference in the induction of electrons surrounding
the carbon atom toward the coordinated oxygen atom. Indeed,
this speculation can be evidenced with the FT-IR spectrum 23
(Figure 2b) that shows the doublet peak at 400 and 407%,cm 215
due to Fe-O bonds with different interaction energies caused - 160
by different electronic environments around the Fe atom. So
three carbon peaks can be assigned as the two methyl carbons , . . . . , ,
at 285.2 eV and the other states of carbonyl carbons of DMF 0 100 200 300 400 500 600
molecules at 286.4 and 289.2 eV, respectively. In addition, Temperature (C)
since the area ratio of the carbonyl carbons with two different
binding energies is 1.75, it is now clear that the total number
of DMF molecules in cc-FeGlis shared by F& ions so
that 2.1 DMFs out of 3.3 DMFs in the complex composition To determine the binding state of water molecule in the
coordinate with one type of Beion to give the peak at ~ complex, the high-resolution O 1s spectrum was curve-
286.4 eV and 1.2 DMFs with another type ofEé@n result deconvoluted on the basis of the chemical composition of
in the peak at 289.2 eV. [FeCL(DMF)1 2] "[FeCL(DMF)2.4] "(H20)27. As shown in

A close examination of the Cl 2p spectrum can provide Figure 8, three component peaks are resolved with the area
further information on the chemical structure of cc-ReCl  ratio of 2.1 (533.0 eV):2.6 (532.3 eV):1.2 (530.9 eV), and
As seen in Figure 7, the Cl ions are in two different energy thus the peak at 533.0 eV can be attributed to the more
states in cc-FeGJ evidenced by the two peaks at 199.3 and electron-deficient carbonyl oxygen of DMF, the peak at 532.3
200.9 eV. Since the area ratio of two peaks is 2:1, it can be €V to the water molecules, and the peak at 530.9 eV to the
deduced that, in (Fegb(DMF)s {H20)., two of six chlorine lesser electron-deficient carbonyl oxygen of DMF. Although
atoms bind to F& so as to give the net charge 61, while water molecule can be in either a chemisorbed or a
the other four chlorine atoms bind to Eeto result in the physisorbed state, it has indeed been known that either case
net charge of-1. The former F& ion being more positive ~ has almost the same binding energy at around-532
than the latter F& ion is expected to give rise to a peak at €V.**"?" Moreover, as the peak at 530.9 eV is generally
the higher binding energy of 200.9 eV. As more electrons known to arise from O 1s of metal oxitfeand the peak at
are required by the Fé bound with two chlorine ions than ~ 532.3 eV is singlet, it is reasonable enough to conclude that
by the one with four chlorine ions to neutralize the charge, there exists only one type of water molecule, i.e., chemi-
the former may attract more electrons from the carbonyl sorbed HO, in the complex structure to form of [Fe£l
oxygen atom of DMF than may do the latter. So it is now (DMF)1A{H:0), 7] [FeCL(DMF),4]". Indeed, TGA/DTG ther-
possible to draw a conclusion that 2.1 DMFs bind t§'Fe  mograms shown in Figure 9 indicate that there exists little

2

[e.]
o
T

D
o
T

&

307

Weight loss (%)

N
o
T

Figure 9. TG/DTG thermograms of cc-Fegl

with four chlorine atoms and 1.2 DMFs bind to3Fewith physisorbed water molecules, evidenced by no weight loss
two chlorine atoms so as to give the structure of [ReCl due to the loss of kD in the temperature range from 50 to
(DMF)12]+[F9CI4(DM F)g.j]i(Hzo)zj. 120°C .26
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A closer examination of the TG/DTG thermogram of the elemental analysis, UV/vis, XPS, and TGA/DTG, it was
cc-FeC} complex indicates that the complex is thermally found that iron cation exists in the form of the®Feation
decomposed in a successive three decomposition stageand coordinates via the carbonyl oxygen atom of the amide
(Figure 9). The first weight loss of ca. 7.3% within the pond in DMF so that the chemical formula of the adduct is
temperature range of 16@15°C may be attributed to the [FeCL(DMF)1 AH,0), 1 *[FeCL(DMF),.{] . The water mol-

H « H ] 8,29 A
loss of chem|.sorbed or 'atF'Ce wafér®2%and is in good ecules in the adduct were found chemisorbed rather than
agreement with the theoretical value of 7.50%. The second physisorbed

stage in the short temperature range of 22380 °C is
presumably due to the decomposition of 1/2@ith weight It is believed that the results obtained from this work may
loss of 3.98% as compared with the theoretical value of give us some clues to the coordination complex structures
3.79%. The third stage in the 23807 °C range may be  of other hygroscopic metals, such as the 8B transition metals
attributed to the decomposition of DMF and loss of chloride incjuding Ni and Co, etc.
molecules leaving behind ferric oxide as the product of
decomposition.
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Conclusions

From the compositional and structural analyses for the
adduct of FeGIDMF using various techniques such as FTIR,
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