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Abstract

The unique features of the phosphonium salts as functional materials are reviewed, with
emphasis being placed on the comparison between the phosphonium salts and the commonly
available quaternary ammonium salts, which have the same structure, differing only in the
positively-charged heteroatom. The antimicrobial activity of onium salts with different
long-chain segments is described with special reference to structure—activity relationships.
The unexpected relationship between the antibacterial activity and the aggregation behavior
in aqueous solution (i.e. lyotropic liquid-crystalline properties) was revealed through system-
atic studies on the antibacterial activity of the phosphonium salts as a novel class of cationic
biocides. Furthermore, it is shown that the phosphonium salts can act as thermotropic liquid
crystals in spite of the fact that they are amphiphiles without a rigid core. © 2000 Elsevier
Science S.A. All rights reserved.
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1. Introduction

Organic cations such as quaternary ammonium and phosphonium salts, which
possess tetrahedral coordination about the positively-charged N and P atoms
respectively, are used in many fields of science ranging from coordination chemistry
to supramolecular chemistry. Use of the amphiphilic ammonium salts as cationic
surfactants, having relatively long alkyl segments, is particularly important in
practical applications because they can act as phase-transfer catalysts, antistatic
agents, ion exchangers, curing agents, detergents and so on. In contrast to the
quaternary ammonium salts, very few studies have been performed so far on the
functional properties of the phosphonium salts which are another class of cationic
amphiphiles. This is probably due to the fact that molecular design of the
phosphonium salts is difficult in comparison with nitrogen compounds, because
trivalent phosphorus derivatives as starting materials are problomatic to handle and
their preparation is difficult. Such problems have evidently depressed the research
activity on the phosphonium salts as functionalized materials. In this review, we
refer to multifunctional properties of several phosphonium salts with alkyl chains of
varying length from the viewpoint of their molecular structure and molecular
organization.

2. Antimicrobial activity of phosphonium amphiphiles

Many studies have been carried out on the antimicrobial activity of cationic
biocides. The cationic biocides, whose target sites are the cytoplasmic membranes
of microbes, kill microbial cells thus exhibiting bactericidal action [1—4]. They have
occupied an important place in the field of external disinfectants as membrane-dis-
rupting antimicrobial agents. In particular, quaternary ammonium salts are repre-
sentative of this type, and they have been extensively used as potent
growth-inhibitors of microorganisms in agriculture, the food processing industry,
clinics and so on. Such disinfectants contain common structural features of a
positive charge and a fairly hydrophobic section within a single molecule. In most
of them, a long alkyl chain is covalently attached to the positively charged nitrogen
atom. The structure has a strong effect on the antibacterial activity and the alkyl
chain length has been found to significantly influence the antibacterial activity
[2,5,6]. In the cationic biocides, the hydrophobic parts of the molecule play a
significant role in the interaction with the cytoplasmic membranes, and the longer
alkyl tails seem to favor insertion into the hydrophobic region of the membranes
and subsequent disruption of the membranes [5].

Recently, the emergence of life-threatening microorganisms, such as HIV and
Mpycobacterium tuberculosis, and drug resistant bacteria (methicillin-resistant)
Staphylococcus aureus (MRSA) has become a social problem. In an attempt to
solve the problems, many new types of antibiotics have been prepared; however,
effective means have not yet been established [7-9]. The cationic biocides may be
ideal as membrane-disrupting agents, so they need to be insensitive toward enzy-
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matic degradation and export mechanisms of drug resistance, i.e. processes by
which the drug is transported out of the microbe [10]. Thus, the cationic biocides
would also be expected to be effective against life-threatening microorganisms.
Although the existing cationic biocides have a relatively broad antimicrobial
spectrum and high activity, they do not have sufficient antimicrobial activity over
short periods of exposure to affect microorganisms [7]. Therefore, development of
more active cationic biocides is imperative and this has stimulated chemists to
devise fundamentally new approaches toward drug design.

Phosphonium salts, possessing positive phosphorus atoms, can be expected to
show a high antibacterial activity by strong interaction and high affinity with
bacteria, since there are many phosphoric acid derivatives present in tissues such as
the cytoplasmic membrane of bacterial cells. As described above, synthesis of the
phosphonium salts is difficult in comparison with the ammonium amphiphiles,
resulting from less availability of trialkylphosphines with a long alkyl chain as
starting materials. Recently however, a simple synthetic route for the dimethyl-sub-
stituted tertiary phosphines was established [11], and various types of phospho-
nium-salt derivatives have been prepared as a novel class of cationic biocides
[12,13]. The most typical phosphonium salts with single or two long alkyl tails
(carbon number of 10, 14 and 18) and the commonly available quaternary
ammonium analogs with the same hydrophobic structure are shown in Fig. 1.

To compare the antibacterial activity of phosphonium salts with that of their
quaternary ammonium analogs, the bactericidal activity of the onium salts with
different chain lengths was explored first by the viable cell counting method [13].
Fig. 2 shows plots of logarithmic number of surviving cells versus exposure time for
P-C,,-1 and N-C,,-1 (each with a single tetradecyl group) against Staphylococcus
aureus (gram-positive strain) and Escherichia coli (gram-negative strain). About 107
cells ml—! of S. aureus were exposed to 280, 28, 2.8, and 0.28 pM solutions
(approximately 100, 10, 1, and 0.1 pg ml~—!) of the compounds in saline. At a
concentration of 280 uM, P-C,,-1 was capable of killing all the bacteria within 30
min of contact, and even at 28 uM all of the bacteria were killed within 60 min of
contact (Fig. 2(A)). On the other hand, at 28 pM, N-C, -1 killed only > 99.9% of
S. aureus organisms even at the longest exposure time (Fig. 2(B)). Quite interest-
ingly, the mono-alkyl phosphonium species showed an advantage over the quater-
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X-C,-1 X-C,-2
(X=P,N; n=10, 14, 18)
Fig. 1. Chemical structures of the phosphonium and quaternary ammonium salts with one and two long

alkyl chains. X-C,-1 and X-C,-2 are alkyltrimethyl- and dialkyldimethyl-substituted onium salts with
decyl, tetradecyl and octadecyl groups, respectively.
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Fig. 2. Plots of the log of number of surviving cells versus exposure time for the phosphonium and the
quaternary ammonium salts with the same alkyl substituents against S. aureus (A and B) and E. coli (C
and D): (A) and (C) P-C,,-1; (B) and (D) N-C, ,-1. Concentrations: (1) blank, (n) 280 uM, (m) 28 uM,
(s) 2.8 puM, (r) 0.28 pM (approximately 100, 10, 1, and 0.1 pg ml—").

nary ammonium analogs on the bactericidal activity and the kill rate. Similar
results were obtained against E. coli. The antibacterial activity of the phosphonium
salts was much higher than the quaternary ammonium salts and there was a
remarkable difference in bactericidal activity between P—C,,-1 and N-C,,-1 (Fig.
2(C,D)). It is interesting to compare the antibacterial activity of organic cations
with two decyl groups (P-C,,-2 and N-C,,-2) against S. aureus. A difference in
antibacterial activity was observed at the lower concentration of 2.8 uM (Fig. 3).
P-C,;-2 killed all the bacteria within 30 min of exposure, while the corresponding
N-C,(-2 salt did not kill all the bacteria even at the longest exposure time (120
min). From these results, it may be concluded that the phosphonium salts of the
double long-chain type exhibit antibacterial activity superior to the existing quater-
nary ammonium salts.



A. Kanazawa, T. Ikeda / Coordination Chemistry Reviews 198 (2000) 117-131 121

The susceptibility of microorganisms was estimated by the conventional spread
plate method (i.e. agar dilution test) [13]. This susceptibility testing provides
bacteriostatic activity in the form of the minimum inhibitory concentration (MIC).
MIC was taken as the lowest concentration of biocide at which no visible growth
could be detected after incubation. The MIC values of the phosphonium salts are
summarized in Table 1. The results indicate that phosphonium biocides show a
broad antimicrobial spectrum and high activity against most strains tested. It is
significant that P-C,,-2, having two decyl groups, exhibited the greatest bacterio-
static activity against MRSA, which is a life-threatening bacteria (MIC = 0.78 pg
ml~!). Additionally, it is worth mentioning that the MIC of P-C,,-2 for methi-
cillin-susceptible S. aureus and that for MRSA are the same.

The overall activity of the phosphonium salts is affected by the hydrophobic
structure of the substituents. In a series of P-C,-1, containing a single long alkyl
chain, the MICs of P-C,,-1 and P-C -1 were lower than those of P—C,,-1 with the
shortest alkyl chain. In contrast, in the other P-C,-2 type, the activity increased
with decreasing hydrophobicity of the substituents. An optimal hydrophobicity (i.e.
total carbon chain length) seems to exist for the bacteriostatic activity. In fact,
P-C -1 and P-C,,-2, which show the highest activities in each of the two structural
classes have similar numbers of carbon atoms (21 and 22, respectively).

To obtain more functionalized disinfectants, various polymeric phosphonium
salts were also prepared as novel polycationic biocides, and their antimicrobial
activities were explored systematically to investigate the correlation between the
polymer structure and the antimicrobial activity [14-23]. It has been reported
previously that polymeric phosphonium salts exhibit a higher activity by two orders
of magnitude than their polymeric quaternary ammonium analogs [14].
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Fig. 3. Plots of log(survivors) versus exposure time for the onium salts with two decyl groups against S.
aureus: (A) P-C,,-2; (B) N-C,,-2. Concentrations: (1) blank, (n) 280 uM, (m) 28 uM, (s) 2.8 uM, (r) 0.28
uM (100, 10, 1, and 0.1 pg ml—").



Table 1
Antimicrobial activity of the phosphonium salts with different hydrophobic structures

Compound MIC (ug ml—1)?

Staphylococcus aureus®

Methicillin Methicillin Bacillus subtilis® Escherichia coli¢  Enterobacter Candida famata ¢  Geotrichum

susceptible resistant aerogenes © candidum ¢
P-C -1 3.13 50 50 200 >200 >200 >200
P-C,-1 0.20 1.56 0.20 12.5 100 200 50
P-Cs-1 0.78 1.56 3.13 >200 >200 12.5 >200
P-C,,-2 0.78 0.78 0.78 3.13 3.13 1.56 3.13
P-C, -2 12.5 200 100 >200 >200 >200 >200
P-C -2 100 >200 >200 >200 >200 >200 >200

# Determined by the spread plate method.
> Gram-positive bacteria.

¢ Gram-negative bacteria.

4 Fungi.
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3. Relationship between antibacterial activity and lyotropic liquid-crystalline
properties

As presented in the previous section, the phosphonium amphiphiles with the
shortest alkyl chains (P—C,,-2) among a series of P—C,,-2 exhibited an outstandingly
high activity, while the analogous salt with the longest alkyl chains (P—C,s-2) was
inactive against all microbes. The cationic biocides of this type are structurally
similar to phospholipids in the cytoplasmic membranes of bacteria. The phospho-
lipid molecules possess a hydrophilic part (phosphate, often with other polar
residues attached to it) and a hydrophobic part (two long-chain fatty acid tails
containing 12-20 carbon atoms) [24]. Although with increasing alkyl chain length
P-C,-2 was expected to interact strongly with the cytoplasmic membranes, the
observed activity was opposite to what was anticipated. The inactivation of P—C,¢-2
cannot be understood on the basis of the basic interpretation for the bactericidal
mechanism as described above.

Such effects of alkyl chain length on the antibacterial activity are not confined to
the phosphonium salts. In existing disinfectants, it is well known that their
antibacterial activities depend strongly on the alkyl chain length, and there is an
optimal chain length for the maximum antibacterial activity [25]. Thus, the hy-
drophilic—lipophilic balance (HLB) of the compounds has frequently been used as
a parameter to elucidate their antibacterial activity in a quantitative way. However,
HLB theory cannot provide a rational basis for why alkyl chains longer than the
optimal length are unfavorable for antibacterial activity. To rationally design more
active membrane-disrupting antimicrobial agents, the uncertain effect of alkyl chain
length on the antibacterial activity has to be resolved.

In general, active cationic surfactants possess advantageous features as disinfec-
tants. The ability of the surfactant is closely related to the critical micelle concentra-
tion (CMC) at which the amphiphiles spontaneously form aggregates in aqueous
solution. In other words, they can be regarded as lyotropic liquid crystals. The
value of the CMC depends on a large number of parameters, one of which is the
length of the alkyl chain attached to the heteropolar heads [26—28]. The longer the
alkyl chain length of the surfactant, the lower the CMC becomes, i.e. formation of
the aggregates is more readily achieved [26—29]. The aggregation behavior is also
affected by the structure of the hydrophobic units of the surfactants. The N-C,-2
compounds having two long tails have been used extensively as representative
compounds in self-assembled synthetic membranes [30—32]. Such synthetic bilayer-
forming amphiphiles exhibit much smaller CMC values than the compounds with
a single long chain, and they spontaneously form various large-size aggregates in
aqueous dispersion similar to liposomes from naturally-occurring phospholipids
[30—32]. The lyotropic liquid-crystalline properties of the ammonium amphiphiles
in aqueous solutions have been investigated in detail, for example aggregate
morphology and phase transition behavior [33—36]. However, very few studies have
been done on the correlation between the aggregation behavior and the antibacte-
rial activity.
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Table 2
Properties of the phosphonium salts with single and two long-chain segments

Compound NacCl Aggregation Molecular weight of CMC (mM)®
concentration (M) number aggregate®
P-Cy,-1 0.0 58 18 000 3.9
0.86 109 33 600
1.71 123 38 100
2.57 161 49700
P-C,,-2 0.0 189 93100 0.074
0.86 - -
1.71 - -
2.57 - -

“ Determined with a low-angle, laser light-scattering photometer (KMX-6) in water.
® Critical micelle concentration estimated by electrical conductivity measurement.
¢ Could not be determined precisely because of salting out.

If the size of the aggregates of cationic amphiphiles is enhanced as the alkyl chain
length increases, the aggregates which are large enough to be excluded at the cell
wall may not reach the target sites (cytoplasmic membranes) through the cell wall,
which exists outside the cytoplasmic membranes, and this may result in depression
of the activity. In this case the diffusion through the cell wall may play a crucial
role in the antibacterial activity, and the activity could be changed by controlling
the size of the aggregates. On the basis of such consideration, a new concept was
proposed recently for the mode of action of cationic biocides. From the experimen-
tal results shown below, it was revealed that the antimicrobial activity of organic
cations may be ascribed essentially to the molecular organization of the organic
cations within the aggregates in aqueous solution [37]. The activity is determined
primarily by the aggregate morphology and the number of active molecules
comprising the aggregates.

To explore the morphological effect of cationic biocides on antibacterial activity,
the fundamental aggregation behavior of the phosphonium amphiphiles was inves-
tigated at first, and then control of the size of phosphonium aggregates was
attempted for P-C,,-1 and P-C,,-2 containing single and two long-chain segments
(carbon number 14), respectively [37]. The values of the CMC for P-C,,-1 and
P-C,,-2 were 3.9 and 0.074 mM, respectively (see Table 2). The CMC of P-C,,-2
is smaller by two orders of magnitude than that of the P-C,,-1 analog. The results
clearly indicate that the phosphonium salt (P-C,,-2) has a high ability to self-asso-
ciate. This ability was reflected in the aggregation number and the molecular weight
of the aggregate as given in Table 2. The aggregation number for P-C,,-2 was 189,
which was much larger than that for P-C,,-1 (58). The compound P-C,,-2 can
form a larger aggregate than the analog P-C,,-1, which is evident from the
molecular weight of the aggregate (18,000 and 93,100 for P-C,,-1 and P-C,,-2,
respectively). Control of the aggregate size can be achieved readily by changing the
ionic strength in aqueous solution [38,39]. As the repulsion between polar head
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groups is a limiting factor for aggregate formation, increasing counter ion concen-
tration (i.e. ionic strength) results in the lowering of the CMC and an increase in
the size of aggregates due to a decrease in the repulsion between ionic head groups
[39]. Practically, it was found that the size of aggregates of the phosphonium species
could be controlled effectively by the ionic strength without changing the concen-
tration of phosphonium ions. The molecular weight of the aggregate of P—C, -1
increased as the amount of inorganic electrolyte (sodium chloride) increased, as
shown in Table 2. Unfortunately, in the presence of sodium chloride, the molecular
weight of the aggregate of P-C,,-2 could not be determined precisely, because
P-C,,-2 precipitated.

The antibacterial activity of P-C,,-1 and P-C,,-2 was explored by the viable cell
counting method in aqueous solutions of varying ionic strength [37]. Fig. 4 shows
plots of log(survivors) versus concentration of sodium chloride for P-C,,-1 and
P-C,,-2 against S. aureus. Bacterial cells (about 107 cells ml— ') were exposed to 28,
14, and 2.8 pM (approximately 10, 5, and 1 ug ml—!) of biocides for 60 min, and
the surviving bacteria were counted by the spread plate method. The antibacterial
activity of P-C,,-1 was strongly affected by the ionic strength and increased with
increasing concentration of sodium chloride (Fig. 4(A)). Although in pure water the
phosphonium salt (P-C,,-1) was inactive at 14 pM, in the presence of 0.86 and 1.71
M sodium chloride, P-C,,-1 killed about 90 and > 99% of S. aureus, respectively.
It is of interest that in the presence of 2.57 M sodium chloride, P-C,,-1 killed all
bacterial cells. A similar phenomenon was also observed at the lowest concentration
of P-C,,-1 (2.8 uM). Since the additives do not exert antibacterial activity even at
the highest concentration of sodium chloride, it is clear that the state of aggregation
due to ionic strength influences the antibacterial activity significantly. Therefore, the
morphology is a very important factor affecting the antibacterial activity. Fig. 4(B)
indicates the same plots for P-C,,-2 with two long alkyl chains. The original
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Fig. 4. Plots of log(survivors) versus concentration of NaCl for 28, 14 and 2.8 uM of the phosphonium
species and blank against S. aureus: (A) P-C,4-1; (B) P-C ,-2.
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antibacterial activity (evaluated in pure water) of P-C,,-2 was much higher than
that of P-C,,-1. However, in the presence of sodium chloride, P-C,,-2 was much
less active irrespective of the concentration of sodium chloride examined. It was
confirmed that such depression of the activity was not due to precipitation of the
samples resulting from the enhancement of the ionic strength. Thus, it is apparent
that the phosphonium ions forming large aggregates are essentially much more
active, but that increased size of aggregates is unfavorable for antibacterial activity.

At present, it is believed that the antibacterial activity of cationic agents depends
only on the structural feature of the molecules. From the results obtained, however,
the antibacterial activity should vary with the morphology (molecular organization)
of the aggregates, i.e. the lyotropic liquid-crystalline properties. The proposed new
concept may reveal why the antibacterial activity of cationic biocides is suppressed
with increasing alkyl chain length above an optimal chain length. The activity is not
affected directly by the structure of the substituents attached to the polar heads, but
is affected by the size of the aggregates which is enhanced with increasing alkyl
chain length. The cations forming aggregates so large as to be excluded at the cell
wall show a lower activity.

4. Feature of phosphonium salts as thermotropic liquid crystals

Thermotropic liquid crystals have been widely used as active media in liquid-crys-
tal display devices and spatial light modulators [40—-44]. Typical thermotropic
liquid crystals are usually composed of two major structural parts: an elongated
rigid aromatic core and terminal flexible alkyl chains or polar groups [45]. Recently,
novel families of thermotropic liquid crystals have been found amongst aromatic
compounds. These have strong noncovalent interactions, which allow assembly of
the parts through molecular recognition processes [46—49]. Several studies have
been carried out on the thermotropic liquid-crystalline behavior of aromatic
compounds possessing cationic moieties such as quaternary ammonium and pyri-
dinium derivatives [50—-55]. It has been found that introduction of positively-
charged nitrogen atoms into a molecule results in formation and stabilization of the
liquid-crystalline phases due to ionic interactions [55-57]. However, very few
studies have been performed on the thermotropic liquid-crystalline behavior of
cationic amphiphiles without rigid cores, with the exception of some quaternary
ammonium salts [58—64].

From the studies on the antimicrobial activity and the lyotropic liquid-crystalline
behavior of cationic amphiphiles as described above, it is deduced that the
phosphonium salts, particularly the P-C,-2 salts with two long alkyl segments,
exhibit a high degree of molecular organization even in the bulk condition. More
recently, the thermodynamic properties of the phosphonium salts were evaluated,
and it was revealed that in spite of being structurally simple amphiphiles without
rigid aromatic rings, they possess advantageous features as thermotropic liquid
crystals, and show a stable liquid-crystalline phase and simple phase transition
behavior compared to the classical ammonium analogs [11].
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Fig. 5. DSC thermograms observed for compounds with different heteroatoms: (A) P-C,,-2; (B)
N-C,,-2; (a), second heating scan; (b), second cooling scan. Abbreviations: K, crystalline; S,, smectic
phase; I, isotropic phase.

The thermotropic liquid-crystalline behavior of P-C,-2, and N-C,-2 as a refer-
ence compound, was evaluated by differential scanning calorimetry (DSC), polariz-
ing optical microscopy, and X-ray diffractometry, and it was confirmed that all the
amphiphiles exhibited the smectic A (S,) phase (possessing bilayer structure) in
which a homeotropic structure was formed spontaneously. Fig. 5 shows typical
DSC thermograms observed for the P-C,,-2 salt and the corresponding N-C,,-2
salt. For the series of P-C,-2, two endothermic events were clearly observed (see
Fig. 5(A)); one is due to melting which corresponds to the crystalline (K) to Su
phase transition (Tkg), and the other corresponds to the S, to isotropic (/) phase
transition (7). As shown in Table 3, the phosphonium salts exhibit a high T,
(145-187°C) and exist in the S, phase for a considerable temperature range. In
particular, the compound P-C,,-2 with two tetradecyl groups exhibited the most
stable liquid-crystalline phase as evidenced by the highest Ty, (187°C), the widest
temperature range for the S, phase (119°C), and the highest values of ASg; (13 J
K~! mol~"') among the compounds examined. In contrast to the phosphonium
salts, the ammonium salts showed indistinct or multiple phase transition behavior.
For example, in the DSC thermogram obtained for N-C,,-2, both K-S, and S,—1
phase transitions occurred with a change in baseline which shifted with temperature
toward the endothermic direction, indicating a change in the heat capacity (Fig.
5(B)). The peak shapes were also more complicated than those of the corresponding
phosphonium salt.



Table 3

Thermodynamic data for phase transitions of the phosphonium and ammonium salts®

Compound K-S, Sa-I¢
Tes CC)  AHgs (K mol™")  ASgs 0 K-'mol™')  Tq (°C)  AHg (kJmol™)  ASq (K 'mol™")  Thwnd (°C)

P-C,y-2 38 39 126 155 29 6.8 367
P-C,,-2 68 70 205 187 5.6 13 366
P-C,.-2 82 57 160 145 24 5.8 362
N-C,y-2 59 9.1 28 94 1.7 4.7 198
N-C,,-2 48 11 33 70 4.7 13 194
N-C2 85 2 61 122 0.65 1.6 201

* Tks and Ty, phase transition temperature; AHgg and AHy,, enthalpy change; ASxg and ASy,;, entropy change.
® Crystalline (K) to smectic A (S,) phase transition.
¢ Smectic A (S,) to isotropic (I) phase transition.

4 Decomposition temperature at which 10% weight loss occurred, recorded by TG at a heating rate of 10°C min—! in N,.

8¢1
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Furthermore, it was found that the 7Ty, and the liquid-crystalline temperature
range of the ammonium salts was much lower and narrower than those of the
phosphonium salts as shown in Table 3. From the results obtained by ther-
mogravimetry (TG), the phosphonium salts were also revealed to be more heat
resistant than the ammonium salts (see Table 3). It is worth mentioning here that
the most significant difference in the thermotropic liquid-crystalline behavior be-
tween the phosphonium salts and the quaternary ammonium salts was observed for
the analogs P-C,,-2 and N-C,,-2 with alkyl tails of 14 carbon atoms. As described
above, P-C,,-2 showed the highest Tg; (187°C) and the widest temperature range
for the S, phase (119°C on heating) among all the compounds examined, while
N-C, -2 showed the lowest Tg; (70°C) and the narrowest liquid-crystalline temper-
ature range (22°C on heating). The origin of the superior liquid-crystalline behavior
of the phosphonium salts is not well understood at the present stage of research,
however, it is at least true that the positively-charged phosphorus atoms play an
important role in the formation of the liquid-crystalline phase and in enhancing the
thermal stability of the liquid-crystalline phase.

5. Conclusions

The dimethyl- and trimethyl-substituted phosphonium ions with alkyl chains of
varying lengths are structurally simple amphiphiles consisting of positive phospho-
rus atoms and hydrocarbon chains. However, they show advantageous features as
cationic biocides, lyotropic liquid crystals, and thermotropic liquid crystals in
comparison with the corresponding quaternary ammonium salts. Such tetracoordi-
nate phosphorus species possessing multifunctional properties may be one of the
most important groups with potential for applications in new functionalized
materials.
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