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Abstract Iron(III)-containing aqueous solutions of 5-meth-

ylresorcinol (5-MR), 5-n-propylresorcinol (5-n-PR) and 4-n-

hexylresorcinol (4-n-HR) at pH * 3 were studied by means of
57Fe transmission Mössbauer spectroscopy. Kinetic consider-

ations were applied to the redox reactions. Density Functional

Theory (DFT) calculations were performed for the alkylresor-

cinol (AR) molecules and their non-alkylated analogue (res-

orcinol). Mössbauer spectra consisted of quadrupole doublets

assigned to high-spin Fe(III) and Fe(II) species. From changes

in their relative spectral areas, a gradual reduction of Fe(III) by

all the ARs studied was observed. However, significant dif-

ferences were found for the reduction rates among the ARs. The

following series of the reduction rates was established by means

of Mössbauer spectroscopy: 4-n-HR � 5-MR [5-n-PR,

supplemented by rate constants calculated using a kinetic

model. DFT calculations resulted in the following series: 4-n-

HR � 5-n-PR [5-MR � resorcinol (the latter is not oxi-

dised under the conditions applied). The reversed order of the

experimentally observed 5-MR and 5-n-PR oxidation rates may

be explained in terms of their different kinetic parameters

related to their structure.

Keywords Alkylresorcinols � Iron(III) reduction �
Frozen-solution 57Fe transmission Mössbauer

spectroscopy � Redox kinetics � DFT calculations

Introduction

The ability of microbial cells to synthesize, excrete and use

relatively small biomolecules as a ‘chemical language’ for

communicating in consortia, discerning the population

density (‘quorum sensing’) and coordinating their ‘concerted

activities’ has been well-documented and generally accepted

[1–4]. Knowledge of the physical chemistry, structural

specificity and reactivity of such extracellular signalling

molecules is of paramount importance for understanding and

predicting abiotic effects of the environmental conditions on

microbial communication [5, 6]. Any possible chemical

transformations of such molecular signals (e.g. hydrolysis,

complexation or oxidation reactions) in the surrounding

medium, such as soil, would result in their evident exclusion

from the signalling pathways, which is equivalent to a

‘message non-delivery’ [6]. However, while there has been

extensive literature concerning a diversity of biological

aspects of various signalling processes, the ‘chemical fate’ of

the extracellularly excreted substances involved in microbial

communication has so far received incomparably less

attention, being virtually underestimated [5–7].

In a series of our earlier reports, it was shown that some

relatively simple biological molecules involved in micro-

bial intercellular signalling or metabolic pathways could be

oxidised in the presence of iron(III), particularly in weakly

acidic aqueous media [8–12]. Under similar conditions, the

oxidation rates of such molecules typically depend on their

structure, as was well illustrated using the example of
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various indole-3-alkanoic acids (auxin phytohormones,

many of which are produced by soil bacteria; [10]). Fe,

which in aerobic conditions is mainly represented by

Fe(III) species, is ubiquitous in soils and aquifers. More-

over, acidic environments, including soils, are relatively

widespread both in wild nature and among arable territories

[13, 14]. In addition, local acidification of the medium is

possible as a result of microbial and plant-root metabolic

activities [15, 16].

Alkylresorcinols (ARs; 1,3-dihydroxybenzenes with

alkyl substituents in positions 4 or 5), representing a sep-

arate specific subclass of alkylated hydroxybenzenes

(phenols), comprise a group of natural substances with a

wide range of known biological functions [17–20]. In

particular, ARs with varying alkyl chain lengths are used

by many microorganisms as extracellular autoinducers

with adaptogenic functions under unfavourable conditions

[18, 19, 21–23]. They also have antioxidant and antiradical

activities [24].

The goal of this work was to quantitatively assess and

compare the reactivities of ARs with different structures (in

terms of the length and position of the alkyl substituent;

Fig. 1): 5-methylresorcinol (5-MR), 5-n-propylresorcinol

(5-n-PR) and 4-n-hexylresorcinol (4-n-HR). Redox reac-

tions involving each of the three ARs were studied in

Fe(III)-containing moderately acidic aqueous media by

means of frozen-solution 57Fe transmission Mössbauer

spectroscopy [25–27]. A kinetic scheme of the redox

interactions is proposed and verified using the Mössbauer

spectroscopic data obtained. In an attempt to explain the

relative reactivities of the three ARs under study, quantum

chemical calculations were also performed (involving also

the non-alkylated analogue, resorcinol, which is less reac-

tive under similar conditions [7]).

Materials and methods

Materials

The main organic chemicals used were: 5-MR (orcinol,

also known as orcine, 1,3-dihydroxy-5-methylbenzene)

monohydrate (C7H8O2�H2O, obtained from ‘Fluka’, No.

75420), 5-n-PR, C9H12O2 (1,3-dihydroxy-5-n-propylben-

zene, obtained from ‘Enamine’, Kiev, Ukraine; http://

www.enamine.net/), as well as 4-n-HR (1,3-dihydroxy-4-n-

hexylbenzene, C12H18O2, ‘Sigma’, No. 209465). All the

substances were of the ‘chemical purity’ grade and used as

received; their structural formulas are schematically shown

in Fig. 1.

Fe(III) for preparing samples for Mössbauer measure-

ments was used in this work as a 0.1 M aqueous stock

solution of FeCl3 (90 % enriched with 57Fe in order to

increase the Mössbauer effect in frozen solutions). The

reaction mixtures contained 0.50 mL of initial 0.06 M

aqueous solution of an AR (in case of 4-n-HR, its aqueous

solution with 25 vol.% of absolute ethanol was used in

order to increase its solubility; the final concentration of

ethanol in all 4-n-HR samples was 20 vol.%; see below

also for 5-MR) and 0.10 mL of 0.1 M aqueous solution of
57FeCl3, corresponding to molar ratio Fe:AR = 1:3 (total

concentration of Fe in each of the final mixtures was

0.016 M). Immediately before adding AR, the pH value of

the solutions was adjusted to the required level (pH * 3)

by adding small amounts of 1 M KOH under constant

stirring. The resulting reaction mixtures were stored at

room temperature (296 ± 2 K) for specified periods of

time in inert plastic sample holders (covered with foil to

prevent any possible effects of light [28] and evaporation)

and then frozen dropwisely in liquid nitrogen for Möss-

bauer measurements [25].

In order to check whether 20 vol.% of ethanol (neces-

sarily added in case of 4-n-HR) exerts any appreciable

influence on the reaction rate, for 5-MR (well soluble in

water), a comparative experiment was performed, in

addition to a sample in aqueous mixture, also using its

mixture prepared as above with 20 vol.% ethanol (both

samples were stored at room temperature for 3 h before

freezing).

Fig. 1 Schematic representation of the structures of alkylresorcinols

under study: 5-methylresorcinol (orcinol), 5-n-propylresorcinol and

4-n-hexylresorcinol (the numeration of carbon atoms in the aromatic

ring is also shown)
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Mössbauer spectroscopic measurements

All Mössbauer spectroscopic measurements were per-

formed in frozen solutions (at T * 80 K). Each frozen

sample was placed in a specially designed ‘cold-finger’

cryostat filled with liquid nitrogen. For the initial 57FeIII

solution, in order to confirm the absence of 57FeII, a

Mössbauer spectrum was measured for a sample of its

solution similarly diluted with water (0.056 M 57FeIII;

0.6 mL) and frozen as mentioned above (Fig. 2).

Mössbauer spectra were recorded using a conventional

constant acceleration Mössbauer spectrometer (WISSEL,

FRG), coupled to a computer-operated multichannel ana-

lyser and a 57Co(Rh) source (50 mCi) kept at room tem-

perature. Evaluation of the spectra was performed using the

MOSSWINN 3.0 programme [29]; all other methodologi-

cal details had been described elsewhere [10–12]. The

calculated parameters were the isomer shift (d, mm s-1,

relative to a-Fe at room temperature), quadrupole splitting

(D, mm s-1), experimentally observed line width (full

width at half maximum, W, mm s-1) and partial resonant

absorption area (A, %) for each spectral component. The

latter parameter (A) is commonly used to represent the

relative content of the corresponding Fe form (type of

microenvironment), reasonably assuming equal recoilless

fractions for all forms in a sample contributing to the

spectrum at low temperature. In Mössbauer spectra, rela-

tive transmission of c-radiation (in fractions of unity) was

plotted against relative velocity (v, in mm s-1) of the
57Co(Rh) 14.4-keV c-radiation source versus the absorber

(a 57Fe-containing sample), which corresponds to the

energy scale according to the Doppler effect (i.e. with

±1 mm s-1 corresponding to ±48.1 neV; [26]), calibrated

using a-Fe foil at room temperature.

Computational details

Quantum chemical computations were carried out by

means of the hybrid Density Functional Theory (DFT)

method [30–32] in the B3LYP variant [33–35] with the

6-311??G(3d,3p) basis set [36, 37] using the Gaussian

03W programme complex [38], analogously to the manner

realised in the reports cited in [39]. The initial geometries

were generated by means of the HyperChem software

package (HyperChem [TM], Hypercube, Inc., 1115 NW

4th Street, Gainesville, Florida 32601, USA; [40]) and

optimized by the PM3 method [41, 42].

Results and discussion

Mössbauer spectroscopy

The resulting Mössbauer spectra of the samples in frozen

solutions are presented in Figs. 2 and 3. For the initial
57FeIII solution, the spectrum (Fig. 2) shows a typical broad

line due to a slow paramagnetic spin relaxation (charac-

teristic of monomeric Fe3? ions; [25]). In this spectrum, no

subspectra characteristic of Fe(II) [43] were observed. This

confirms the absence of Fe(II) in the initial solution used

for preparing mixtures with ARs.

As can be seen from Fig. 3, all the spectra of AR-con-

taining samples can be decomposed into two quadrupole

doublets. The corresponding Mössbauer parameters are

given in Table 1.

In all the solutions, the Mössbauer parameters for Fe(II),

which appeared as a result of Fe(III) reduction by the ARs

under study, featured by quadrupole doublets (depicted by

dark shaded spectral components in Fig. 3), were within

the following ranges: isomer shift, *1.3–1.4 mm s-1;

quadrupole splitting, *3.2–3.4 mm s-1 (see Table 1).

These values are characteristic of high-spin Fe2? [43]. The

Mössbauer parameters of Fe(II) microenvironments are

typical for Fe2? hexaaquo complexes [25]. Furthermore,

some line broadening (linewidths, W, over 0.3–0.4 mm s-1),

as compared to that expected owing to the thickness effect

[44], may indicate the presence of slightly different micro-

environments in the system because of differences in pos-

sible coordination of AR oxidation products, evidently along

with H2O molecules.

For 5-MR solutions at pH * 3, an increase in the rel-

ative area of the Fe(II) quadrupole doublet was observed

with time after mixing (Fig. 3a–d; Table 1). This reflects a

gradual slow reduction of Fe(III) to Fe(II). Within the

reaction time span from 10 min to 5.5 h, the fraction of

reduced Fe(II) increased from ca. 6 to 26 % of the total Fe

(see Table 1).

Fig. 2 Mössbauer spectrum of a frozen sample of the initial aqueous
57FeCl3 solution (0.056 M) used for experiments on alkylresorcinol

oxidation (measured at T = 80 K)
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It has to be noted that, while 5-MR is very well soluble

in water, similar experiments with 4-n-HR (see below) at

its comparable concentrations could only be performed in

aqueous solutions containing minimum 20 vol.% ethanol to

increase its solubility. In order to check whether 20 vol.%

of added ethanol could have any appreciable influence on

the reaction rate, comparative experiments were performed

with 5-MR in 57FeIII-containing solutions both in water

(Fig. 3b) and in the presence of 20 vol.% ethanol (Fig. 3c),

each kept in the dark for 3 h at ambient temperature and

then frozen for Mössbauer measurements. As can be seen

from Table 1, in these cases the spectral area fractions of

Fe(II) in aqueous solutions without and with ethanol

reached ca. 18 and 14 %, respectively. This relatively

small difference of a few percent can be assumed to orig-

inate from both the experimental errors of Mössbauer

measurements and possible slight differences in the pH

values. The Mössbauer parameters for these two frozen

solutions of 5-MR without and with ethanol (see Table 1)

are also closely matching. Thus, the presence of 20 vol.%

Fig. 3 Mössbauer spectra of

the products of [57Fe]-iron(III)

interaction with

5-methylresorcinol (5-MR, a–

d), 5-n-propylresorcinol (5-n-

PR, e) and 4-n-hexylresorcinol

(4-n-HR, f, g) in aqueous

solutions (a, b, d, e) or in the

presence of 20 vol.% ethanol

(c, f, g) at pH * 3 rapidly

frozen in liquid nitrogen 10 min

(a), 3 h (b, c), 5.5 h (d),

140 min (e), 1 min (f) or 5 min

(g) after mixing the reagents (all

spectra measured at T = 80 K).

The shaded areas (quadrupole

doublets) represent

contributions of FeIII (lightly

shaded areas) or FeII (dark

shaded areas) to the whole

spectrum area (defined by the

outer solid-line envelope)

calculated by fitting the

experimental data (points)
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ethanol may be regarded as having a virtually insignificant

effect on the reaction rate and products.

In the case of 5-n-PR, 140 min after mixing, the

Mössbauer spectrum (Fig. 3e) reveals a relatively small

contribution (8 %) of Fe(II) quadrupole doublet as com-

pared to the corresponding samples of 5-MR. This means,

interestingly, that 5-n-PR shows a significantly slower

reduction of Fe(III) than 5-MR at pH * 3.

In contrast, the Mössbauer spectra of 4-n-HR solutions

(Fig. 3f, g) show relatively high contributions of Fe(II)

quadrupole doublets already a few minutes after mixing

(e.g. 31 % after 5 min; see Table 1). This reflects a

remarkably higher redox reaction rate for 4-n-HR at

pH * 3 than for the other ARs under study.

For all ARs solutions, the Mössbauer parameters of

quadrupole doublets assigned to Fe(III), featured by

slightly broadened lines, were found to be within the fol-

lowing ranges: isomer shift, 0.4–0.5 mm s-1; quadrupole

splitting, 0.7–0.8 mm s-1 (see Table 1). These parameters

at *80 K are typical for high-spin Fe(III) compounds [43]

and fall within the range of those for hydrolysed polymeric

(colloidal) species at pH * 3 [25]. The Fe(III) quadrupole

doublet may be assigned to a microenvironment such as

[FeIII
x (OH)y]

3x-y (without considering water molecules

which can also be coordinated; see ‘Kinetic considerations’

section below). The Mössbauer parameters seem to be

insensitive to the occurrence of AR oxidation products in

the vicinity of hydrolysed Fe(III) species.

Thus, the Mössbauer experimental data showed a

gradual reduction of Fe(III) at pH * 3 by the ARs studied.

However, significant differences were found for the

reduction rates between the ARs. The following series of

the reduction rates was established by means of Mössbauer

spectroscopy: 4-n-HR � 5-MR [ 5-n-PR.

Kinetic considerations

According to the literature [17, 18, 45], the first step of AR

oxidation is commonly an additional hydroxylation of the

benzene ring with the formation of trihydroxylated alkyl-

benzenes. This is formally equivalent to the introduction of

an oxygen atom into a C–H bond in the aromatic ring with

the formation of the corresponding C–O–H bond:

AlkC6H3ðOHÞ2 þ ½O� ¼ AlkC6H2ðOHÞ3; ð1Þ

where Alk denotes an alkyl group.

Table 1 Calculated Mössbauer parameters for 57FeIII-containing

aqueous solutions of 5-methylresorcinol (5-MR, orcinol, see also

Fig. 2b–e), 5-n-propylresorcinol (5-n-PR, see also Fig. 2f) and 4-n-

hexylresorcinol (4-n-HR, see also Fig. 2g, h) at pH * 3 (total

[Fe] = 0.016 ± 0.001 M, Fe-to-AR molar ratios 1:3), rapidly frozen

after specified periods of time (all spectra measured at T = 80 K)

Alkylresorcinol mixed

with 57FeIII in solution

Timea Fe oxidation state db (mm s-1) Dc (mm s-1) Wd (mm s-1) Ae (%)

5-MR 10 min ?3 0.48 (1) 0.74 (1) 0.52 (1) 93.3

?2 1.41 (1) 3.22 (1) 0.34 (1) 6.7

3 h ?3 0.478 (3) 0.70 (1) 0.75 (1) 82.1

?2 1.39 (1) 3.17 (1) 0.56 (2) 17.9

3 hf ?3 0.475 (4) 0.72 (1) 0.64 (1) 86.2

?2 1.42 (1) 3.34 (2) 0.44 (3) 13.8

5.5 h ?3 0.48 (1) 0.72 (1) 0.50 (1) 74.1

?2 1.38 (1) 3.23 (1) 0.42 (1) 25.9

5-n-PR 140 min ?3g 0.47 (1) 0.80 (2) 0.25 (2) 92.0

?2 1.35 (1) 3.26 (1) 0.40 (2) 8.0

4-n-HR 1 minf ?3 0.4 (1) 0.77 (3) 0.51 (3) 85.6

?2 1.31 (1) 3.35 (1) 0.27 (2) 14.4

5 minf ?3 0.475 (3) 0.757 (4) 0.49 (1) 68.8

?2 1.402 (3) 3.388 (5) 0.34 (1) 31.2

Calculated errors (SD, in the last digits) are given in parentheses
a Period from mixing the reagents until rapid freezing of the solution
b Isomer shift (relative to a-Fe at ambient temperature)
c Quadrupole splitting
d Full line width at half maximum
e Partial resonant absorption areas of spectral components which represent relative contents of the corresponding Fe forms assuming a common

recoilless fraction for all forms (for A, relative error is ca. ±4 % of the given values)
f In aqueous solution containing 20 vol.% ethanol
g Fitted with a distribution of D owing to multiple similar Fe3? microenvironments (average parameters are given)
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Under the conditions applied (pH * 3), as mentioned

above, Fe(III) is typically found in the form of colloidal

(polymeric) hydrolysed species. Thus, considering that the

first step of AR oxidation is a two-electron reaction

(requiring two Fe3? ions to be reduced to Fe2?), the

reaction between Fe(III) and an AR under these conditions

may be considered to take place between a couple of

adjacent hydroxylated Fe3? ions in a polymeric species and

an AR molecule according to the following general scheme

(not showing the hydration of ions common for aqueous

solutions):

FeIII
2 ðOHÞ2

� �4þþAlkC6H3ðOHÞ2
¼ 2Fe2þ þ H2Oþ AlkC6H2ðOHÞ3; ð2Þ

or a more general scheme involving a polynuclear Fe(III)

hydroxylated species:

FeIII
x ðOHÞy

h i3x�y

þAlkC6H3ðOHÞ2

¼ 2Fe2þ þ FeIII
x�2ðOHÞy�2

h i3x�y�4

þH2O

þ AlkC6H2ðOHÞ3: ð3Þ

According to this scheme, the reaction rate should be

expected to be proportional to the overall Fe(III)

concentration and to the AR concentration. In our

experiments, the initial [Fe3?]-to-[AR] molar ratio was

taken to be 1:3 in all cases, and the range of total Fe(III)

fraction reduced to Fe(II) was within 6.7–31.2 % (see

Table 1). Since 2 mol of Fe(III) reduced to Fe(II)

correspond to one mole of oxidised AR (see Schemes

(2), (3)), the overall fraction of AR oxidised in our

experiments is expected to be within *1.1–5.2 % (thus, it

generally did not exceed ca. 5 %). In this case, for kinetic

calculations, the AR concentration may be approximately

regarded as constant. Thus, the kinetic equation at a

constant pH can be simplified as follows:

�dCðtÞ=dt ¼ kCðtÞ; ð4Þ

where C(t) is the current Fe(III) concentration in the

reaction medium at the moment t (t = 0 corresponds to the

moment of mixing the reagents), and k is the effective

pseudo first order rate constant with respect to the Fe(III)

concentration (the minus sign evidently corresponds to the

decreasing Fe(III) concentration in the course of the reac-

tion). Note that in Eq. (4), the concentration may be

expressed in various units. For simplicity, we used C(t) as a

ratio between a current Fe(III) concentration and its initial

concentration; so, at t = 0, C(t) = 1; thus, formally,

1 C C(t) C 0.

Integration of Eq. (4) with the boundary conditions from

C(t) = 1 to C(t) and correspondingly from t = 0 to t gives

the following simple expression:

ln½CðtÞ� ¼ �kt: ð5Þ

According to Eq. (5), the logarithm of the Fe(III)

concentration (decreasing with time in the course of the

redox process) should be directly proportional to the

reaction time. Our experimental data (obtained from

Mössbauer measurements; see Table 1) for the solutions

of 5-MR, shown in a semilogarithmic plot, indeed show a

very good linear correlation (R2 = 0.9993); however, the

line does not come out of the origin of coordinates (Fig. 4a;

time t is given in min for clarity). The existing small

intercept can logically be explained by the fact that, in the

very initial moments of the reaction (a relatively short

initial period), the freshly formed Fe(III) hydroxylated

species may still undergo rapid ageing (which is typical for

many freshly formed metal hydroxides), and thus be more

reactive.

In this case, the kinetic Scheme (4) can be valid starting

not from t = 0, but rather from some t = t1 (where t1 [ 0),

and so the relationship (4) becomes valid from C(t1) = C1.

Correspondingly, integration of Eq. (4) (after separating

the variables) should be done for the boundary conditions

from C1 to C(t), where C(t) \ C1, and from t1 to t (where

t [ t1), which finally gives the following expression (in

decimal logarithms):

log½CðtÞ� ¼ log C1 þ 0:4343kt1ð Þ�0:4343kt: ð6Þ

Equation (6) reflects the existence of a small intercept,

(logC1 ? 0.4343kt1) = const, in the linear dependence

(see Fig. 4a). (Evidently, the k value can be calculated

from the slope of the linear regression, whereas C1 and t1
cannot be simultaneously calculated from the intercept.) It

may also be reasoned that, while logC1 is negative

(C1 \ 1) and 0.4343kt1 is evidently positive, the overall

value of the intercept (which is negative in both cases; see

Fig. 4a, b) may be determined by the dominating logC1

value, especially for low k values (see below), such as in

Fig. 4a, with t1 expected to be of the order of up to

*1 min). However, C1 and t1 values may slightly differ in

aqueous solution (Fig. 4a) and in the presence of 20 vol.%

ethanol (Fig. 4b), which, along with different k values (see

below), may account for a slight difference in the intercepts

calculated according to Eq. (6): log[C(t = 0)] = -0.028

and -0.044, respectively.

For the system involving 5-MR, in accordance with

Eq. (6), the data in Fig. 4a give the following rate constant for

the redox process at pH * 3: k = (1.20 ± 0.02) 9 10-5

s-1. Our estimation for 4-n-HR (see Fig. 4b) gives

k = 9.1 9 10-4 s-1 (i.e. virtually two orders of magnitude

larger than that for 5-MR). Considering the same expected

intercept value (dominated by the logC1 member at low

k values, see above and Eq. (6)) for similar aqueous solutions

of 5-MR (see Fig. 4a) and 5-n-PR, the redox rate constant for
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the latter (see the data of Fig. 3e; Table 1) can be estimated

as k = 2.3 9 10-6 s-1, i.e. yet fivefold lower than for 5-MR.

Thus, the kinetic order of reaction rates from the experi-

mental data (under the conditions applied in this study) is:

4-n-HR (k = 9.1 9 10-4 s-1) � 5-MR (k = 1.2 9 10-5

s-1) [ 5-n-PR (k = 2.3 9 10-6 s-1).

DFT computational results

The thermodynamic measure of the ability of a molecule to

donate an electron (i.e. to be oxidised) is the ionisation

energy, which is commonly known as the ionisation

potential (IP). The adiabatic IP (IPadiabat) is determined by

the difference between the minima of the potential surfaces

for the cation radical (ionisation product) and for the initial

molecule [46]. In this work, the IPadiabat values for non-

alkylated m-dihydroxybenzene (resorcinol) and its three

alkylated derivatives under study were calculated from the

difference of the total energy values without (IPid) and with

the account of the zero-point vibrational energy (IPzero);

with the account of the zero-point vibrational energy and

thermal corrections (IPtherm), as well as from the difference

of the Gibbs free energy values with the account of the

zero-point vibrational energy and thermal energy (IPGibbs).

The results obtained are listed in Table 2.

As follows from Table 2, the differences between the

calculated IPid, IPzero, IPtherm and IPGibbs values for each

substance are within 0.02–0.05 eV. For comparison, the

IPadiabat value experimentally measured by means of the

photoionisation method for the structurally similar mole-

cule, hydroquinone (p-dihydroxybenzene), was found to be

7.95 ± 0.03 eV [47]. Our computation results are also in

good agreement with the data reported in [48], where the

IPadiabat values for isolated (in vacuo) hydroquinone

(7.96 eV), catechol (o-dihydroxybenzene; 8.19 eV) and

resorcinol (8.23 eV) were calculated within the G3 theory

by a methodology similar to that used in this work as the

difference between the Gibbs free energy values for the

cation radical and the initial molecule. Thus, the B3LYP/6-

311??G(3d,3p) level is evidently sufficient for compara-

tive evaluations of IPadiabat values in the series of resorcinol

derivatives.

In accordance with any of the criteria (IPid, IPzero,

IPtherm or IPGibbs; see Table 2), the ability to undergo

oxidation should decrease in the following series:

4-n-Hexylresorcinol� 5-n-propylresorcinol [
5-methylresorcinol� resorcinol:

Thus, the thermodynamic considerations predict that

alkylation of resorcinol and further increasing the length of

the alkyl substituent would enhance the reducing power of

alkylated resorcinols.

Considering our experimental data (see above, Fig. 3;

Table 1) as well as the reported inability of the non-

alkylated analogue (resorcinol) to get oxidised under sim-

ilar conditions [7], the corresponding experimental series

is:

4-n-Hexylresorcinol� 5-methylresorcinol [
5-n-propylresorcinol� resorcinol:

Thus, quantum chemical evaluations of IPadiabat in the

series of these resorcinol derivatives, in line with

experimental data, confirm the highest ability of 4-n-HR

to donate electron in redox processes and the lowest ability

to get oxidised for resorcinol [7]. However, thermodynamic

considerations (IPadiabat) predict a higher ability to be

oxidised for 5-n-PR as compared with 5-MR, while

experiment shows the opposite. This can probably be

Fig. 4 Kinetics of iron(III)

oxidation at pH * 3 by

5-methylresorcinol (a) and 4-n-

hexylresorcinol (b).

C(t) represents the iron(III)

concentration (in fractions of

unity relative to the total iron

concentration in solutions)

calculated from Mössbauer

spectroscopic data (see Table 1)

Table 2 Calculated values of the adiabatic ionisation potential (in

eV) for resorcinol (1,3-dihydroxybenzene) and some of its alkylated

derivatives

Substances IPid IPzero IPtherm IPGibbs

Resorcinol 7.98 7.99 7.98 7.97

5-Methylresorcinol 7.83 7.84 7.83 7.82

5-n-Propylresorcinol 7.73 7.74 7.74 7.75

4-n-Hexylresorcinol 7.52 7.55 7.54 7.57

Calculated from the difference of the total energy values between the

cation radical and the initial molecule without (IPid) and with the

account of the zero-point vibrational energy (IPzero), with the account

of the zero-point vibrational energy and thermal corrections (IPtherm),

from the difference of the Gibbs free energy values with the account

of the zero-point vibrational energy and thermal energy (IPGibbs)
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ascribed to the effects of kinetic parameters (essential in

aqueous media) related to, e.g. a higher hydrophobicity of

the 5-n-PR and/or its expected lower diffusion coefficient

(as compared to those for the 5-methyl derivative). As for

the highest redox rate for the 4-n-hexyl derivative both

found experimentally and predicted by DFT calculations, it

may therefore be concluded that alkylation of resorcinol

(1,3-dihydroxybenzene) in position 4 of the aromatic ring

may be additionally favourable for oxidation of the

resulting 4-ARs, as compared to 5-ARs, even for a

longer 4-n-alkyl substituent.

The possibility of ARs to be oxidised by Fe(III) in

weakly acidic media observed experimentally and con-

firmed by DFT calculations can be of ecological impor-

tance for the processes of microbial signalling in acidic

soils and aquifers.

Conclusions

According to the experimental data obtained, 5-MR, 5-n-

PR and 4-n-HR can be gradually oxidised by Fe(III) in

weakly acidic aqueous media. However, their oxidation

rates are strongly influenced by their molecular structure.

The following series of the reduction rates were estab-

lished: 4-n-HR � 5-MR [ 5-n-PR � resorcinol. The

results obtained can have important implications for

microbial ecology involving signalling processes in acidic

environments.
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tion of Mössbauer spectroscopy for studying chemical effects of

environmental factors on microbial signalling: redox processes

involving iron(III) and some microbial autoinducer molecules.

J Mol Struct 924–926:131–137

13. Von Uexkull HR, Mutert E (1995) Global extent, development

and economic impact of acid soils. Plant Soil 171:1–15

14. Johnson DB, Kanao T, Hedrich S (2012) Redox transformations

of iron at extremely low pH: fundamental and applied aspects.

Front Microbiol 3:96. doi:10.3389/fmicb.2012.00096

15. Bolan NS, Hedley MJ, White RE (1991) Processes of soil acid-

ification during nitrogen cycling with emphasis on legume based

pastures. Plant Soil 134:53–63

16. Uroz S, Calvaruso C, Turpault R-P, Frey-Klett P (2009) Mineral

weathering by bacteria: ecology, actors and mechanisms. Trends

Microbiol 17(8):378–387

17. Chapman PJ, Ribbons DW (1976) Metabolism of resorcinylic

compounds by bacteria: orcinol pathway in Pseudomonas putida.

J Bacteriol 125:975–984

18. Kozubek A, Tyman JHP (1999) Resorcinolic lipids, the natural

non-isoprenoid phenolic amphiphiles and their biological activ-

ity. Chem Rev 99:1–25

19. Stasiuk M, Kozubek A (2010) Biological activity of phenolic

lipids. Cell Mol Life Sci 67:841–860

20. Sampietro DA, Belizán MME, Apud GR, Juarez JH, Vattuone

MA, Catalán CAN (2013) Chapter 10: Alkylresorcinols: chemical

properties, methods of analysis and potential uses in food,

industry and plant protection. In: Céspedes CL, Sampietro DA,
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