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Abstract Extraction experiments in the two-phase water/

nitrobenzene system and c-activity measurements were

used to determine the stability constant of the dibenzo-18-

crown-6�Ag? complex species in nitrobenzene saturated

with water. Furthermore, the structure of the resulting

complex was derived by means of theoretical calculations

at the density functional level.
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Introduction

In 1967, Pedersen published his first papers [1, 2] dealing

with cyclic polyether compounds with oxyethylene groups

–CH2–CH2–O–, which are called crowns owing to their

structure. These electroneutral crown compounds form

relatively stable complexes in nonaqueous solvents, espe-

cially with alkali and alkaline earth metal cations, which

are located in the ligand cavities. The ratio of the size of

the crown ligand cavity to the ion radius of the central

cation is a decisive or at least an important factor in the

stability of the complex compounds formed [3]. It is the

complexing properties of the crowns that have driven

the rapid development of the chemistry of these cyclic

polyethers witnessed in recent decades.

Recently, protonation of valinomycin, some calixarenes,

dibenzo-18-crown-6, and a hexaarylbenzene-based receptor

has been investigated [4–15]. On the other hand, in the cur-

rent work, the stability constant of the dibenzo-18-crown-

6�Ag? (1�Ag?) complex species (Scheme 1) is determined

in the organic phase of the water/nitrobenzene extraction

system. In this context it is necessary to emphasize that the

Ag? ion is one of the few transition metal cations forming

complexes with crown ether ligands in nonaqueous solvents.

Moreover, quantum mechanical density functional theory

(DFT) calculations are used to derive the most probable

structure of the above-mentioned cationic complex species.

Results and discussion

Extraction experiments

Previous results [4, 16–22] indicated that the two-phase

water–AgNO3/nitrobenzene–NaDCC–1 (dibenzo-18-crown-

6) extraction system (see ‘‘Experimental’’), chosen for deter-

mination of the stability constant of the cationic complex

1�Ag? in nitrobenzene saturated with water, can be charac-

terized by the main chemical equilibrium (1) to which the

equilibrium extraction constant (Eq. 2) corresponds; aq and

nb denote the presence of the species in the aqueous and

nitrobenzene phases, respectively.

AgþðaqÞ þ 1 � NaþðnbÞ� 1 � AgþðnbÞ
þ NaþðaqÞ; KexðAgþ; 1 � NaþÞ ð1Þ
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KexðAgþ; 1 � NaþÞ ¼
1 � Agþ½ �nb Naþ½ �aq

Agþ½ �aq 1 � Naþ½ �nb

ð2Þ

It is necessary to emphasize that 1 is a considerably

hydrophobic ligand, practically present in the nitrobenzene

phase only, where this ligand forms––with Ag? and Na?––

the very stable complexes 1�Ag? and 1�Na?.

Taking into account the conditions of electroneutrality

in the organic and aqueous phases of the system under

study, the mass balances of Ag? and Na? ions at equal

volumes of the nitrobenzene and aqueous phases, as well as

the measured equilibrium distribution ratio of sodium,

DNa = [1�Na?]nb/[Na?]aq, combined with Eq. 2, we get the

final expression for the above-mentioned extraction con-

stant, Eq. 3; Cin;aq
AgNO3

is the initial concentration of AgNO3

in the aqueous phase and Cin;nb
NaDCC denotes the initial con-

centration of NaDCC in the organic phase of the system

under consideration.

Kex Agþ; 1 � Naþð Þ ¼ 1

DNa

Cin;nb
NaDCC

1þ DNað ÞCin;aq
AgNO3

� Cin;nb
NaDCC

ð3Þ

From the extraction experiments and c-activity

measurements (see ‘‘Experimental’’), and by using Eq. 3,

the following value of the constant Kex (Ag?, 1�Na?) was

determined as log Kex (Ag?, 1�Na?) = 1.1. Furthermore,

with respect to Refs. [4, 16–22], for the exchange

extraction constant Kex (Ag?, Na?) corresponding to the

equilibrium AgþðaqÞ þ NaþðnbÞ�AgþðnbÞ þ NaþðaqÞ
and for the extraction constant Kex (Ag?, 1�Na?) defined

above, as well as for the stability constants of the

complexes 1�Na? and 1�Ag? in nitrobenzene saturated

with water, denoted by bnb (1�Na?) and bnb (1�Ag?), one

obtains Eq. 4.

logbnbð1 �AgþÞ ¼ logbnbð1 �NaþÞþ log KexðAgþ;1 �NaþÞ
� logKexðAgþ;NaþÞ ð4Þ

Using the value log Kex (Ag?, Na?) = 1.5 inferred from

Refs. [16, 17], the constant log Kex (Ag?, 1�Na?) given

above, log bnb (1�Na?) = 7.1 [18], and applying Eq. 4, we

gain the stability constant of the 1�Ag? complex in water-

saturated nitrobenzene as log bnb (1�Ag?) = 6.7. Beside

this, Table 1 summarizes the stability constants of the

cationic complexes 1�M?, where M? = Li?, Na?, K?,

Rb?, Cs?, or Ag?, in nitrobenzene saturated with water at

25 �C. Thus, from the data reviewed in this table it follows

that the stability of the considered complexes 1�M? in the

mentioned nitrobenzene medium increases in the series of

Li? \ Cs? \ Rb? \ Ag? \ K? \ Na?.

Quantum mechanical calculations

The quantum mechanical calculations were performed at

the density functional level of theory (DFT, B3LYP/

LanL2DZ) using the Gaussian 03 suite of programs [23].

The structural optimizations of 1 and its complex with Ag?

were fully unconstrained. Although a possible influence of

a polar solvent on the detailed structures of 1 and 1�Ag?

could be imagined, our quantum mechanical calculations in

similar cases, carried out in an analogous way, showed

very good agreement of experiment with theory [24–29].

In the model calculations, we optimized the molecular

geometries of the parent crown ligand 1 and its complex

with Ag?. The optimized structure of the free ligand 1 with

C2 symmetry is illustrated in Fig. 1.

In Fig. 2, the structure obtained by the full DFT-opti-

mization of the 1�Ag? complex also having C2 symmetry is

depicted, together with the lengths of the corresponding

bonds (in Å; 1 Å = 0.1 nm). In the 1�Ag? cationic com-

plex species, which is most energetically favored, the

‘‘central’’ cation Ag? is bound by strong bond interactions

to four (Ar–O–CH2) ethereal oxygens (2.71, 2.71, 2.71, and

2.71 Å) and two (CH2–O–CH2) ethereal oxygen atoms

(2.58 and 2.58 Å) of the parent crown ligand 1.

Finally, the interaction energy, E(int), of the 1�Ag?

complex [calculated as the difference between electronic

energies of the complex 1�Ag? and isolated 1 and Ag?

species: E(int) = E(1�Ag?) - E(1) - E(Ag?)] was found

to be -439.5 kJ mol-1, which confirms the formation of

the considered cationic complex 1�Ag?.

Conclusions

In summary, we have demonstrated that a complemen-

tary theoretical and experimental approach can provide

Table 1 Stability constants of the 1�M? complexes (1 = dibenzo-

18-crown-6; M? = Li?, Na?, K?, Rb?, Cs?, Ag?) in nitrobenzene

saturated with water at 25 �C

M? Li? Na? K? Rb? Cs? Ag?

log bnb (1�M?)a 4.5 7.1 6.9 5.8 4.9 6.7b

a Ref. [18]
b This work

Scheme 1
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important information on the complexation of the crown

ligand 1 with the silver cation. From the experimental

investigation of the resulting complex 1�Ag? in the two-

phase water/nitrobenzene extraction system, the strength of

the considered 1�Ag? cationic complex species in nitroben-

zene saturated with water was characterized quantitatively by

the stability constant, log bnb (1�Ag?) = 6.7 (for a tempera-

ture of 25 �C). By using theoretical quantum mechanical

DFT calculations, the structural details of the 1�Ag? com-

plex, such as position of the Ag? ion in the parent crown

ligand 1 as well as the interatomic distances within the

complex species under study, were obtained.

Experimental

Dibenzo-18-crown-6 (1) was purchased from Fluka.

Cesium dicarbollylcobaltate (CsDCC) was synthesized

by means of the method published by Hawthorne et al.

[30]. The other chemicals used (Lachema, Brno, Czech

Republic) were of reagent grade purity. A nitrobenzene

solution of hydrogen dicarbollylcobaltate (HDCC) [31]

was prepared from CsDCC by the procedure described

elsewhere [32]. Equilibration of the nitrobenzene solution

of HDCC with stoichiometric NaOH, which was dis-

solved in an aqueous solution of NaCl (0.2 M), yielded

the corresponding NaDCC solution in nitrobenzene. The

radionuclide 22Na? (DuPont, Belgium) was of standard

radiochemical purity.

The extraction experiments were carried out in 10-cm3

glass test tubes with polyethylene stoppers: 2 cm3 of an

aqueous solution of AgNO3 of a concentration in the range

from 1 9 10-3 to 1 9 10-2 M and microamounts of
22Na? were added to 2 cm3 of a nitrobenzene solution of 1

and NaDCC, whose initial concentrations also varied from

1 9 10-3 to 1 9 10-2 M (in all experiments, the initial

concentration of 1 in nitrobenzene, Cin;nb
1 ; was equal to the

initial concentration of NaDCC in this medium, Cin;nb
NaDCC).

The test tubes filled with the solutions were shaken for 2 h

at 25 ± 1 �C, using a laboratory shaker. Then the phases

were separated by centrifugation. Afterwards, 1-cm3 sam-

ples were taken from each phase and their c-activities were

measured by using a well-type NaI(Tl) scintillation detec-

tor connected to a c-analyzer NK 350 (Gamma, Budapest,

Hungary).

The equilibrium distribution ratios of sodium, DNa, were

determined as the ratios of the measured radioactivities of
22Na? in the nitrobenzene and aqueous samples.
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4. Makrlı́k E, Vaňura P (2006) Monatsh Chem 137:157
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31. Makrlı́k E, Vaňura P (1985) Talanta 32:423

32. Makrlı́k E (1992) Collect Czech Chem Commun 57:289

140 E. Makrlı́k et al.

123

http://dx.doi.org/10.1007/s00706-010-0408-z

	A combined extraction and DFT study on the complexation of the silver cation with dibenzo-18-crown-6
	Abstract
	Introduction
	Results and discussion
	Extraction experiments
	Quantum mechanical calculations

	Conclusions
	Experimental
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


