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Electron Paramagnetic Resonance Study of a LangmuitBlodgett Film of Manganese
Octadecylphosphonate and Comparison of the Magnetic Properties to Those of Solid-State
Manganese Alkylphosphonates
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Langmuir-Blodgett (LB) films of manganese octadecylphosphonate (MRA(@H37)-H.O) are prepared by
depositing octadecylphosphonate monolayers from a MAB}O containing subphase at a pH range of-5.2

5.6. Electron paramagnetic resonance (EPR) studies of the LB film give evidence for antiferromagnetic exchange
in a two-dimensional inorganic extended lattice, in agreement with published magnetic studies of solid-state
manganese alkylphosphonates. Thalues of the LB film are characteristic of Mhin a nearly cubic field and

are essentially isotropic, ranging from 1.99 to 2.00. The dependence of the EPR line width on sample orientation
in the magnetic field is consistent with the behavior predicted for a two-dimensional lattice with antiferromagnetic
Heisenberg exchange. The temperature dependence of the integrated area of the EPR signal, which is proportional
to spin susceptibility, is presented. A value for the antiferromagnetic exchange cod#taof, —2.8 K was
determined for the LB film by fitting the data to a high temperature series expansion. This is in excellent agreement
with the J/k values obtained for the solid-state manganese phosphonates. EPR line widths of both the manganese
octadecylphosphonate LB film and a powder sample of manganese propylphosphonate increase rapidly as
temperature is decreased below 30 K. This is characteristic of a system approaching a magnetic ordering transition
and is caused by antiferromagnetic fluctuations. The solid-state manganese alkylphosphonates undergo
antiferromagnetic ordering transitions at temperatures in the range- 18.8 K, but an ordering transition in the

LB film cannot be observed using EPR because the line width becomes too broad and the signal is too weak to
measure below 17 K. The study confirms that the in-plane structure of the manganese phosphonate LB film is

the same as that of the solid-state manganese phosphonate analogs.

Introduction process deposits layers of functionalized organic molecules by
The layered nature of many solid-state metal phosphonatesaltem.ately (_axposing a surface to s_oluti_ons of metal ions and
has attracted attention from researchers with a variety of a’w_d'SUbSt'tuFed _organophosp_hon_|c acids and h_a S be_e n used
interests. Solid-state structural studies have revealed severaL? prepare thin f||m§ for applications that require oriented
new Iayéred structures for different combinations of metal ion . ssemblies of organic mOIQ.CUWS'lS In yet another area of
and organophosphonate grotT8. The large internal surface interest, some of the_transrglon metal phosphonates have be_en
: the subject of magnetic studies where the layered structures give

areas in the S(.)“ds’ V\.'h'c.h result from the layered structures, rise to unusual magnetic properties and serve as useful models
suggest potgntlal appllcatlons as catglyst supports and sorbent r investigating magnetic behavior in two-dimensional
and in sensing and separation applicatid?id! The metat- systemg@325

phosphonate binding interaction has also been used in proce-
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H,, of the LB Film Stacked in a Conventional EPR Tube
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indicates that these materials are best described as canted
antiferromagnets, which are also called “weak ferromagriéts.”
Recently, we demonstrated that extended-lattice monolayers
of some of the metal phosphonates could be prepared using
Langmuir-Blodgett film deposition method$:2° In the case
Figure 1. Structure of manganese phenylphosphonate, Mn(© ©f manganese octadecylphosphonate, it was shown using X-ray
PGsHs)-H-0 viewed down theb (stacking) axis. Phenyl groups were  diffraction, XPS, and FTIR that the LB film has the same
omitted for clarity. The powdered manganese alkylphosphonates arestructure that is observed in several of the solid-state manganese
isostructural with the phenylphosphonate shown here. Structural dataalkylphosphonate® In this paper, we report on a detailed EPR
were taken from ref 26. Key: Cross-hatched circles, Mn; large study of the manganese octadecylphosphonate LB film and
diagonally shaded circles, P; small open circles, O. compare the magnetic behavior of the LB film to published

Table 1. Structural and Magnetic Parameters for MgR@&)H;0 magnetism studies on the series of solid-state manganese
Solidst alkylphosphonate® The EPR results show that the LB film
compound a A b, A c A “Ik K is well described as a two-dimensional lattice with nearest-
neighbor Heisenberg antiferromagnetic exchange and that the
mggzgéﬁy&% g'gg 13'5232 2'2(7) g';g magnitude of the exchange is the same as is seen in the solids.
Mn(OsPGaH7)-H-0 5.84 11.71 491 248 The EPR behavior confirms that the manganese phosphonate
Mn(OsPCiHg)-H-0 5.84 14.72 4.91 2.48 LB film is truly an extended-lattice structure. A preliminary

account of part of this study was included in a previous

communicatiorf® The work presented here is a more thorough
Manganese organophosphonates crystallize in the ortho-investigation of the EPR behavior of the manganese octadecyl-

rhombic space groupr®2;. The crystal structure of Mn(® phosphonate LB film.

PGsHs)-H20O reported by Cao et 8f.nicely shows the layered

nature of the solids and a view of the manganese phosphonaté=xperimental Section

. 2 ) ;
plane is reproduced in Figure2d. The structure consists of Materials. Octadecylphosphonic acid EsPOsHa, was used as

layers of man_ganese |0.ns, which are roughly co-planar, octa- purchased from Alfa Chemicals (Ward Hill, MA). Manganese chloride
hedrally coordinated by five phosphonate oxygens and one waterie(anydrate, MnGt4H,0, was used as purchased from Fisher Scientific
of hydration. The phenyl groups are pointed away from the (orlando, FL).

inorganic layer, approximately perpendicular to the manganese  nstrumentation. Langmuir-Blodgett films were prepared using
ion plane, and make van der Waals contacts between layersa Ksv (Stratford, CT) 3000 LangmuiBlodgett trough modified to
The manganese alkyl phosphonates, M QH2n+1):H20, operate with double barriers. Purified water having a resistivity of 18
have the same in-plane structure as the phenyl analog althoughMQ cm was used. EPR spectra were recorded on a Bruker (Billerica,
the interlayer spacing varies as the alkyl group is chaﬁgéf‘d_ MA) ER 200D spectrometer modified with a digital signal channel
Unit cell parameters for some manganese alkylphosphonatesand a digital field controller. Data were collected using a U.S. EPR
are given in Table 1. (Clarksville, MD) SPEC300 data acquisition program and analyzed

Carling et a3 have performed static susceptibility measure- USing @ U-S. EPR EPRDAP data analysis program. Temperature was

. controlled using an Oxford Instruments (Witney, England) ITC 503
ments on powder samples of a series of manganese alkylphos:

o temperature controller and ESR 900 cryostat.
phonates, Mn(ePGHzn+1)-H20 (n = 1—4). The susceptibility P Y )
. . . Procedure. Manganese octadecylphosphonate LB films were
as a function of temperature for each sample is characteristic

. . - . . . prepared by spreading octadecylphosphonic acid onto an aqueous
of antiferromagnetic exchange in a low-dimensional lattice, and g pphase containing § 104 M MnCl,-4H,0 held in a pH range of

values of the nearest neighbor exchange, determined by Carlings >—5.6. The monolayer was compressed to a pressure of 17 mN/m
et al. from fitting the data to a model for a two-dimensional and bilayers were transferred onto a 625 iralcium arachidate

a Reference 23.

Heisenberg antiferromagnet, are listed in TabR® 1(In this covered mylar substrate at speeds of 8 mm/min on the downstroke and
paper we use the convention where the exchange congdtant, 5 mm/min on the upstroke. Multilayers cannot be formed by continuous
is defined according to the HamiltoniaH, = —J¥SS, and a deposition of the film due to cross-linking of the phosphonate groups
value ofJ < 0 indicates antiferromagnetic excharfge. Each by the manganese ions at the air/water interface. After deposition of
of the materials orders antiferromagnetically with ordering & Pilayer, the monolayer was removed from the surface of the trough
temperatures in the range 14:85.1 K2 Below the Nel and a new octadecylphosphonic acid monolayer was formed. Films

containing 50 bilayers were prepared, and transfer ratios were in the
range 0.98-1.08. The mylar was cut into smaller strips and placed
into an EPR tube.

temperature,Ty, the presence of a weak magnetic moment

(26) Cao, G.; Lee, H.; Lynch, V. M.; Mallouk, T. Enorg. Chem.1988

27, 2781.
(27) In an earlier communicatici,we used a different convention. We  (28) Byrd, H.; Pike, J. K.; Talham, D. Rl. Am. Chem. S0d.994 116,
have changed to the present definitionJah order to be consistent 7903.

with the literature on the solid-state manganese phosphoffates. (29) Byrd, H.; Pike, J. K.; Talham, D. RChem. Mater1993 5, 709.
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Figure 4. Temperature dependence of the inverse of the area (arbitrary
units) of the EPR signal from the manganese octadecylphosphonate
LB film. The solid line is a linear fit to the data above 80 K. An
extrapolation of the high temperature data intercepts the temperature
axis at—34 K, indicating antiferromagnetic exchange.
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Figure 2. EPR spectra of the manganese octadecylphosphonate LB
film at 275, 62, and 20 K. The sample was oriented wjth= 0° 15

(Scheme 1). The EPR signal broadens substantially as the temperature
is lowered below 30 K. 2
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Figure 5. Temperature dependence of the integrated area (arbitrary
units) of the EPR signal from the manganese octadecylphosphonate
LB film. The solid line is a fit to the data using eq 2 for a
two-dimensional lattice with Heisenberg antiferromagnetic exchange
with exchange constadtk = —2.8 K. Since the EPR intensity is plotted

as arbitrary units, the fit has been fixed to the EPR intensity at 110 K.
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Figure 3. EPR line width as a function of sample orientation at room = magerjals, the contribution to the line width originating from

temperature. The sample orientation is defined in Scheme 1. The solid _ . = ...~ . 8 n A

line is a fit to AH = A+ B(3 cog ¢ — L with A= 218 Gandg = oPin diffusion has a (3 c6% — 1)" dependence where= /5

20 G. The behavior is characteristic of a two-dimensional lattice with fOr @ one-dimensional lattice amd= 2 for a two-dimensional

antiferromagnetic Heisenberg exchange. lattice30:32-34 The expected orientational dependence of the line
width for a two-dimensional Heisenberg antiferromagnet is,
Results and Discussion therefore
Samples for EPR studies were deposited onto mylar sheets. AH=A+ B3 cog ¢ — 1)2 Q)

After film deposition, the mylar was cut into thin strips that
were stacked and placed in a conventional EPR tube. ThehereA andB encompass exchange and other dipolar interaction
oriented sample could then be rotated with respect to the tgrms32-34 A fit of the data withA = 218 G andB = 20 G is
magnetic field, as shown in Scheme 1. The LB film sample syperimposed on the data in Figure 3. The line width has a
has a commob axis, with all the layers parallel to the substrate, minimum of 218 G at the magic angée= 54.7.
but because the film is composed of ordered domains, the in-  The integrated area of the EPR signal is proportional to the
plane orientationdc plane) is circularly averaged. The angle  spin susceptibility, and a plot of 1/area vs temperature is shown
¢ is defined as the angle between the film normal and the iy Figure 4. An extrapolation of the high temperature data
direction of the static field, as illustrated in Scheme 1. intercepts the temperature axis-a84 K indicating antiferro-
Representative EPR signals of the LB film are shown in magnetic exchange. The data are also expressed in Figure 5 as
Figure 2. The signals for both the LB film and the solid-state area vs temperature. The area of the EPR signal gradually
samples are dipolar broadened, as expected for an exchangencreases as the temperature is lowered and reaches a maximum
coupled lattice, and no Mn hyperfine splitting is observed.  near 25 K. The area then decreases rapidly until the EPR signal
The g values are characteristic of Mhin a nearly cubic field s |ost around 17 K. The shape of the plot is characteristic of
and are consistent with tipvalue of 1.99 observed for a powder  antiferromagnetic exchange in a low-dimensional s#ti#;35:36
sample of Mn(QPCHy)-H20. In contrast to the powdered  and the behavior is nearly identical to the temperature dependent
solid-state samples, the LB films have a commibaxis
orientation and the values vary continuously as the sample iS (30) Benner, H.; Boucher, J. P. IMagnetic Properties of Layered

rotated with respect to the extemal field, although the values ~ Transition Metal Compoundsde Jongh, L. J., Ed: Kluwer Aca-
. . . emic: ordrecnt, e Netnherlanas, , PP .
are nearly isotropic ranging from 1.99 to 2.00. (31) Pomerantz, M. IINATO ASI SeriesDash, J. G., Ruvalds, J., Eds.;

The room temperature EPR line width of the LB film is Plenum: New York, 1980; pp 317346.
plotted as a function of sample orientation in Figure 3. Spectra (32) Patyal, B. R.; Willett, R. DMagn. Reson. Re 199Q 15, 47.
were taken as the sample was rotated evéryigh respect to gig Richards, P, M, Salamon, M. E-Qé’;fgﬁ;é’g 49 32
the magnetic field. The shape of the plot is consistent with the (35 ines, M. E.J. Phys. éhem9 Solidk97Q 31, 101.

behavior predicted for a two-dimensional lattice with anti- (36) Rushbrooke, G. S.; Wood, P.Mol. Phys.1958 1, 257.
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2000 fluctuations, although by EPR we cannot observe whether or

L not an ordering transition occurs because the signal becomes

1600 ° o Powder Sample too broad'_ . . . )

e LBFilm Magnetic ordering is not predicted to occur in a truly two-

dimensional Heisenberg lattié&:*° When ordering is observed

in layered systems it occurs as a result of either anisotropy in

the exchange or a dimensionality crossover in a temperature

regime where the interlayer exchangk, becomes impor-

tant253041 |t is interesting to note that in the series Mnr{O

PGH2n+1)-H20, where ordering does occur, dimensionality

Nseseses e e oo we o crossover has been observed to occur at values of the reduced

I Tt rernreeene temperature, Ty — T)/Tn, of 0.085, 0.015, and 0.010 for=

00 ' 1(',0 2(')0 ; 300 2 3,and 4, respectiveFj For the LB films, ir_1ter|ayer exchange

Temperature (K) is not expected as the interlayer spacing is 48.5 A. Also, as a

Figure 6. EPR line width as a function of temperature for a powder resqlt of the depositon Process, layers are not in regl_stry. The
sample of manganese propylphosphonate and for the manganesd-B films should behave as isolated monolayers and dimension-
octadecylphosphonate LB film. The rapid increase in line widths seen ality crossover should not occur.
below 30 K is characteristic of systems approaching a magnetic ordering The EPR behavior of the manganese phosphonate LB films
transition. can be compared to previous studies of magnetic exchange
between metal ions in LB films. The most extensive studies
are those of Pomerantz et%f*2-44 on LB films of manganese
stearate. On the basis of line width analyses and temperature
dependent EPR intensity data, antiferromagnetic exchange was
gllso observed in the manganese stearate LB film and the value
of the nearest-neighbor exchange was estimateldkas —1.0
+ 0.4 K2 This value is smaller than the2.8 K value for the

2, _ n—1 manganese phosphonates and is related to differences in the
NQZ”B lx=30+2(C/077) (2) in-plane structure of the two films. In the metal phosphonate

whered = kT/JSS+ 1), g is the Lande facto\ is the number film, in-plane bonding is well described by the structures of
of spins g is the Bohr,magneton, anHs the r’1earest neighbor the known solid-state analogs. The manganese ions are nearly

exchange constant. The coefficier®s, for S= 5, have been co-planar and each site is coordinateq by five phosphonate
calculated up ton = 6 by Lines?® The value of the exchange oxygens and one water molecule. Adjacent manganese lons
constant can be estimated by the temperature of maximum?&'€ bndged by a single phosphonate oxygen which mediates
susceptibility, Tma, according tokTmadd = 2.065S + 1)37 magnetic superexchange. The structure of the manganese
Taking T, a’s 25 K yields)/k = —2.8 K and a fit to the data stearate films is less cle&t. The Mr?* ions are certainly
max - . . . .

according to eq 2 is plotted as the solid line in Figure 5. _brldged by the carboxylate headgrou_ps, but the mode of binding
Because the EPR intensity is plotted as arbitrary units, the fit is not known. TED and AFM studies suggest a rectangular

i 45
has been fixed to the EPR intensity at 110 K. The value of the arangement of Mt ions: L _
exchange constanti/k = —2.8 K, agrees closely with the The observation of large shifts in resonance field at low

exchange constants for the bulk metal alkylphosphonates!€Mperatures was cited as evidence for spontaneous magnetiza-
obtained by Carling et &8 and shown in Table 1. The fitof tonIn the manganese stearate filffisSince the exchange is

the EPR intensity to the numerical expression in eq 2 is further Predominantly antiferromagnetic, the magnetic moment was
evidence that the LB film is a two-dimensional antiferromagnetic 2ttributed to canting of the antiferromagnetically ordered spins.
exchange-coupled lattice. The magnitude of the exchange isHowever, direct observation of the ordered state has not been

nearly identical to the solid-state analogs and suggests that the?2Served. An alternative explanation offered by Pomeféntz
in-plane Mn-O—Mn interactions in the film are similar to those 10" the increased magnetization is the possibility of an antifer-
seen in the solid-state structures. romagnetic lattice containing manganese ion vacancies, which

The peak-to-peak widths of the EPR signals of the manganeset@nnot be discounted considering the LB film deposition
octadecylphosphonate LB film and a powder sample of man- method. The only evidence for ordering in the manganese

ganese propylphosphonate are plotted as a function of temperphosphonate films is the large increase _in_Iine width at low
ature in Figure 6. In both cases the EPR line width remains temperature. As was discussed above, this is a precursor effect

and is not itself evidence for ordering, although, the similarities

1200

Peak-to-Peak Width (Gauss)

800L__
I

400

%

static susceptibility of the powdered solid-state manganese
alkylphosphonate®

Although there is no exact solution for the magnetic
susceptibility,y, of a quadratic-layer Heisenberg antiferromag-
net, the temperature dependence can be described by a numeric
series expansich

approximately constant as the temperature is lowered below ) y >
ropopm temperf’:/lture. As the tempera?ure approaches 30 K, thell the behavior of the LB film and the powdered solids where
line widths broaden rapidly until the signals become so broad (38) Mermin. N. D.. Wagner, HPhys. Re. Lett, 1066 17, 1133
in, N. D.; Wagner, HPhys. Re. Lett. : .
they are lost below 17 K. The powder sample undergoes @ (39) Onsager, LPhys. Re. 1944 65, 117,

magnetic ordering transition aly = 14.90 K to a canted  (40) Pokrovsky, V. L.; Uimin, G. V. InMagnetic Properties of Layered
antiferromagnetic sta#. The increase in line width is char- Transition Metal Compoundgisde Jongh, L. J., Ed.; Kluwer Aca-

it ; ; ; it demic: Dordrecht, The Netherlands, 1990; pp-383.
aCter.IStIC of a system z_jlpproachlng z.i magnetl(_: ordering tranSIt.lon(M) de Jongh, L. J. IMagnetic Properties of Layered Transition Metal
and is caused by antiferromagnetic fluctuations. Large varia- Compounds de Jongh, L. J., Ed.: Kluwer Academic Publishers:

tions in the local field, caused by regions of short-range order Dordrecht, The Netherlands, 1990; pp31.

fluctuating to achieve long-range order, result in the large line Eﬁ; Eimgfénﬁ; F’l\;f_“ggcnélz’ll\&a”q Sséﬁ%%c‘zmgﬁﬂégsés%gt?qg?s
widths. The LB film also experiences antiferromagnetic 40 246, e Ml Sediie, A Fhys. Re. Lett
(44) Pomerantz, MSurf. Sci.1984 142 556.
(37) Navarro, R. InMagnetic Properties of Layered Transition Metal (45) Zasadzinski, J. A.; Viswanathan, R.; Madsen, L.; Garnaes, J.; Schwartz,
Compounds de Jongh, L. J., Ed.; Kluwer Academic Publishers: D. K. Sciencel994 263 1726.
Dordrecht, The Netherlands, 1990; pp $50. (46) Pomerantz, MSolid State Comni978 27, 1413.
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ordering does occur are striking. It would be informative to magnetic ordering transition. Magnetization measurements are
study the magnetization of these films to lower temperature, needed below 17 K to explore the ground state of the two-
but because of the limited sample size, the use of standarddimensional LB film.

methods for measuring the static susceptibility has not yet been

) The magnetic studies help confirm that the LB film has the
possible.

same extended lattice structure as the solid-state alkylphos-
Conclusions phonates. These results demonstrate that single layers of known
) _solid-state layered structures can be prepared using LB methods.
EPR studies of manganese octadecylphoshonate Langmuir gjnce the inorganic lattice energy is the dominant interaction
Blodgett films reveal that the magnetic exchange in the films , \he metal phosphonate layered structures, the possibility exists
is identical to that.exhlblted in solid-state manganese alkylphos- ¢ using these structures to organize LB films of organophos-
phonates. The high temperature magnetic behavior (abeve phonates containing organic groups other than alkyl chains, in

géggrggg?gi? cf)‘f);gg]fgrzgfnglTlei:ldljggg’r?gg;siir?;?]teg?r:saanalogy to the known solid-state metal phosphonates based on
9 9 9 functional organic groups.

two-dimensional lattice. While the solid-state manganese
alkylphosphonates order to form “weak ferromagnets”, direct
observation of a transition to long-range order is not possible
in the LB films using EPR. However, the EPR line width at

low temperature is characteristic of a system approaching alC9514096
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