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本文研究了零价铜在邻菲罗啉水溶液中的反应。当溶液敞露于空气并存在有机阴离子 X - 时,

例如苯甲酸盐 (Bz)、对甲基苯磺酸盐 (T s)等,铜的表面生成了致密的反应产物的薄层,经 IR、UV ö

V IS、M S和元素分析证明了该薄层为相当纯的亚铜的邻菲罗啉配位化合物,结构为[Cu (phen) 2 ]+

X - 。在乙醇ö甲苯混合溶剂中得到了表面反应产物的晶体[Cu (phen) 2 ] (CH 3C4H 6SO 3)C2H 5OH ,并

用X2ray测得了结构。本工作表明溶液中的CuÊ离子抑制Cu0氧化成CuÉ而影响反应层的形成,同

时又促进CuÉ氧化成CuÊ的过程。

关键词:　　　亚铜2邻菲罗啉配合物　　　铜表面反应　　　晶体结构

FORM ATION OF B IS (1, 10-PHENANTHROL INE) CUPROUS

COM PL EXES ON M ETALL IC COPPER SURFACE IN

AQUEOUS SOL UTION

N ie Chongsh i3 　　　Gu Y ijun　　　Sun J ie
(S hang ha i Institu te of O rg an ic Chem istry , Ch inese A cad em y of S ciences, S hang ha i 200032)

T he fo rm ation of cup rous comp lex on m etallic copper surface in 1, 102phenan th ro line (phen) aqueous so2
lu t ion has been investigated as expo sed in air and in the p resence of common o rgan ic an ions (X - ) such as ben2

zoate (Bz- ) and to luene su lphonate (T s- ). T he comp lexes depo sited on the surface of m etallic copper have

been p roved to be rather pure cup rous phenan th ro line comp lexes having the structu re [Cu (phen) 2 ]X based on

the elem ental analysis, IR , UV öV IS spectro scopy and m ass spectro scopy (FAB ). T he crysta l structu re of

the comp lex [Cu (phen) 2 ] (CH 3C6H 4SO 3)·C2H 5OH w as determ ined by X2ray diffract ion analysis. T he w o rk

demonstra ted that the CuÊ ion in the reaction so lu tion h indered the p rocess of Cu0 to CuÉ and in the m ean2

w h ile accelerated the p rocess of CuÉ to CuÊ.

Keywords:　　cuprous phenan throl ine complex　　copper surface reaction　　crysta l structure

In troduction

Copper compounds are impo rtan t ca ta lysts fo r the ox idat ion and oxygenat ion of o rgan ic

compounds bo th in chem ical and b io logica l system s. R ecen t ly, m uch at ten t ion has been paid

to cup rou s phenan th ro line comp lexes in degrading DNA and p rob ing structu re [1 ]. T he b ind2
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ing and act iva t ion of mo lecu lar oxygen of copper comp lexes have been ex ten sively studied.

Bu t the system at ics in react ivity of copper comp lexesöO 2 system s and the m echan ism in Cuö
O 2 chem istry st ill rem ain no t clearly understood [2 ].

Cup rou s comp lexes are mo st ly p repared from [Cu (N CM e) 4 ]X becau se of the stab iliza2
t ion of copper (É ) ion by M eCN. A“st ronger”ligand such as 1, 102phenan th ro line and

Ph3P can sub st itu te m ethyl n it rile ligands. R educt ion m ethods are also u sed fo r the p repara2
t ion. Bu t in mo st cases, expe2
rim en ts m u st be carried ou t under a n it rogen o r an argon atmo sphere. In ou r study, a conve2
n ien t p repara t ive m ethod of cup rou s phenan tro line (phen ) comp lexes w as first in t roduced
start ing from m etallic copper. T he react ion w as perfo rm ed in the phen aqueou s so lu t ion w ith

som e common o rgan ic an ion s (such as carboxyla tes o r su lfonates) and expo sed in air a t room
temperatu re.

M eta llic copper is no t react ive in either w ater o r m ethano l in an oxygen atmo sphere [3 ]. It
has been repo rted that, in the p resence o s b ipyridyl ligands, m eta llic copper is ox id ized in an

aqueou s so lu t ion, and b inuclear hydroxyb ridged divalen t copper comp lexes are fo rm ed [4 ]. A

direct p repara t ion of Cu2+ catecho la tes from copper and pheno ls can be perfo rm ed in the p res2
ence of O 2 and cata lyt ic amoun t of CuC l[5 ]. Gargano have studied the react ivity of m eta llic

copper w ith severa l acid ic o rgan ic compounds in the pyrid ineöm ethano l so lu t ion and an oxy2
gen atmo sphere, resu lt ing in divalen t copper compounds[3 ]. Benzim idazo le reacted w ith

m eta llic copper and p roduced Cu2+ b isbenzim idazo la te [6 ]. To ou r know ledge, lit t le has been

repo rted on the p repara t ion of a ir sen sit ive cup rou s comp lexes from m etallic copper in the

oxygen2con ta in ing aqueou s so lu t ion.

Exper im en ta l

Copper surface reaction in aqueous solution
A ll so lven ts are of an analyt ica l grade. 1, 102phenan th ro line (phen ) and sodium ben2

zoate (N aBz) are of an analyt ica l grade and sodium p 2to luene su lphonate (N aT s) is chem i2
cally pu re. 1, 102phenan th ro line w as disso lved in dist illed w ater fo r: 5. 6×10- 3 mo löL , sodi2
um benzoate (N aBz) , sodium p 2to luene su lphonate (N aT s) w ere added respect ively in to the

so lu t ion at abou t 1. 0×10- 2 mo löL. Pu re m eta llic copper fo il w as cleaned in 20% su lphu ric

acid to remove the ox ide on the su rface and rin sed w ith dist illed w ater. D ip the cleaned cop2
per fo il steadily in the phen aqueou s so lu t ion in the p resence of N aBz o r N aT s at room tem 2
pera tu re. In half a m inu te, the reacted film cou ld be ob served on the su rface of the copper

fo il. T he th ickness of the film increases w ith the t im e delay. A fter abou t th ree hou rs, a dark

vio let th ick layer of the react ion p roduct w as t igh t ly adhered on the su rface. T he fo il w as re2
moved from the so lu t ion, then the residual so lu t ion w as ab so rbed and dried the fo il in a P 2O 5

vacuum ed desica to r. T he su rface react ion p roduct cou ld be easily separa ted by disso lving in

deoxygenated ethano l a t an argon atmo sphere. A fter removing the so lven t by suct ion, a dark

vio let pow der p roduct w as ob ta ined fo r m easu rem en t w ithou t any fu rther pu rif ica t ion. T he
p roduct is stab le in dry and inert a tmo sphere.

Fo r invest iga t ing the influence of [Cu (phen ) 2 ]2+ (Cu ) Ê on the su rface react ion, w e

added differen t amoun ts of CuBz2·3H 2O (in conc. range 0. 021. 6×103 mo löL ) to the phenö
Bz- so lu t ion, in w h ich st ill on ly the Bz- as an ion w as p resen t. A defin ite size (S ) of the cop2
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per fo il (w eigh t M ) w as dipped in the so lu t ion fo r 2. 7 hou rs, then the fo il w as taken ou t,

dried and w eighed together w ith the depo sited cup rou s comp lex film (CuÉ ) to ob ta in M a.

T he actual depo sited w eigh t m a= M a- M e, there M e w as the net w eigh t of the copper fo il af2
ter d isso lving the depo sited comp lex by ethano l. T he to ta l lo ss of the copper fo il w as m

(Cu) = M - M e. F ig. 1 show ed m a and m t ( the theo ret ica l yield of co rresponding (CuÉ ) ca lcu2
la ted from m (Cu) fo r d ifferen t CuÊ concen tra t ion s in so lu t ion.

F ig. 1　A ctual depo sited w eigh t m a and theo retical

depo sited w eigh t m t on unit area of copper fo il a t

differen t concen tra t ions of CuÊ , reaction tim e 2. 7

h rs

Spectrocopy and X-ray crysta llography
Infrared spectra w ere m easu red w ith a

D igilab FT S220E infrared spectrom eter by re2
f lect ion ab so rp t ion ( inciden t angle = 80°and
26°) on the copper fo il sub stra te. IR spectra

w ere also m easu red by cast ing the ethano l so2
lu t ion of the p ro2
duct on BaF 2 o r KR S25 crysta l. T he KB r pel2
let samp ling m ethod is no t a lw ays su itab le be2
cau se of the ion exchange. T he UV öV IS spec2
t ra w ere reco rded by a Perk in2E lm er L am da25

spectropho tom eter u sing the deoxygenated

ethano l so lu t ion. M ass spectra w ere m easu red

u sing the FAB sou rce on a V G Q uat t ro M S2
spectrom eter.

A reddish b row n crysta l of [Cu (phen) 2 ] T s·C2H 5OH w as ob ta ined from the ethano lö
to luene so lu t ion. A p rism at ic crysta l having an app rox im ate dim en sion of 0. 2×0. 2×0. 3

mm w as moun ted in a glass cap illa ry. A ll m easu rem en ts w ere carried ou t on a R igaku

RA SA 27R diffractrom eter u sing a graph ite monoch rom atized M o2K Α rad ia t ion (Κ= 0. 71069

∼ ) and a 12 kW ro ta t ing anode X2ray genera to r. C rysta l data: monoclin ic, space group

P 21öc (# 14) , a= 13. 04 (2) , b= 16. 16 (1) , c= 15. 351 (8) ∼ . Β= 112. 38 (5)°and Z= 4, V =

2991 (3) ∼ 3, D calc= 1. 42 göcm 3.

Results and D iscussion

T he su rface depo sit ion react ion on the m eta llic copper su rface is h igh ly repeatab le in the
phen aqueou s so lu t ion at an am b ien t tempera tu re range 10230℃ and in p resence of som e o r2
gan ic sa lts such as carboxyla tes o r su lphonates. H ere w e focu s on the resu lts u sing the Bz-

and T s- an ion.

Sto ich iom etry of the surface reaction products
T he su rface react ion p roduct u sing Bz- as an ion show s M L CT ab so rp t ion m ax im um at

438. 8 nm and the mo lar ab so rp t ivity of w h ich is abou t 6830 mo l- 1·L·cm - 1. It is con sis2
ten t w ith the repo rted data [7 ] of [Cu (phen) 2 ]+ . IR spectra of the p roduct show phen ab so rp2
t ion s at 722 (vs) , 839 (m ) , 1423 ( s) , 1505 (w ) , 1561 (vs) cm - 1 and Μas (COO - ) and Μs

(COO - ) a t 1608 (vs) and 1352 (m ) cm - 1 respect ively. T he FAB M S spectrum gives m öz
(% ) : 544 ( [Cu (phen) 2 ]Bz+ , 5) , 439 ( [OCu (phen) 2 ]+ , 2) , 423 ( [Cu (phen) 2 ]+ , 80) , 365

( [Cu (phen) C 6H 5COOH ]+ , 10) and 243 ( [Cu (phen ) ]+ , 100). E lem en ta l analysis of the
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f ilm p roduct, found: C, 67. 82; H , 3. 79; N , 10. 18. C 31H 21CuN 4O 2 requ ires fo r C, 68. 30;

H , 3. 88; N , 10. 29. A ll resu lts suppo rt the mo lecu lar fo rm u la [Cu (phen) 2 ]· (C 6H 5COO )

fo r the p roduct availab le.

The crysta l structure of [Cu (phen ) 2 ]Ts·C2H5OH
T he crysta l st ructu re of the comp lex is con sisten t w ith the sto ich iom etry and connect ivi2

ty expected fo r [Cu (phen) 2 ]T s·C 2H 5OH. T he mo lecu le con sists of a monovalen t ca t ion [Cu
(phen) 2 ]+ , a large an ion CH 3C 6H 4SO 3

- and a nonbonding so lven t C2H 5OH in the la t t ice.

T he perspect ive view of the mo lecu le is p resen ted in F ig. 2, together w ith the atom ic num 2
bering schem e. T he selected bond distances and angles are given in T ab le 1. T he coo rdina2
t ion around the cup rou s ion is comp leted by fou r n it rogen atom s from tw o phenan th ro line lig2
ands w ith Cu2N bond distances ranging from 1. 95 (3) 22. 09 (2) ∼ , and N 2Cu2N bond angles

abou t 82°. Bo th Cu2N distances and N 2Cu2N bond angles are con sisten t w ith crysta l st ruc2
tu re of [Cu (phen) 2 ]C lO 4 and [Cu (phen) 2 ] (CuB r2) repo rted in R ef. 8, w h ich has the sam e

cat ion as that in ou r w o rk. T he in terligand dihedra l angle 79. 27°is no t qu ite far from 90°,
w ith in terligand N 2Cu2N angles d iffering from 113. 0°to 137. 5°. It seem s that d ifferen t an ion

affects the in terligand dihedra l angles. O u r case is comparab le w ith the st ructu re of the
cat ion [Cu (phen) 2 ] (CuB r2) w h ich show s the in terligand dihedra l angle 76. 8°, bu t in con2
t rast to that of [Cu (phen) 2 ]C lO 4 w ith 49. 9°. T he dihedra l angles betw een the p lanar an ion

CH 3C6H 4SO -
3 and the tw o phen ligands in the cat ion are nearly equal, w h ich are 65. 09°and

63. 44°, respect ively.
Table 1　Selected A tom ic D istances (∼ ) and Bond Angles (°) for [Cu (phen) 2 ]Ts·C2H5OH

Cu2N (1)

Cu2N (2)

Cu2N (3)

Cu2N (4)

C12N (3)

C122N (3)

C112N (4)

C102N (4)

C222N (1)

C232N (1)

C242N (2)

C132N (2)

2. 05 (2)

1. 95 (3)

2. 09 (2)

2. 04 (2)

1. 31 (4)

1. 40 (3)

1. 41 (3)

1. 27 (3)

1. 33 (3)

1. 35 (3)

1. 44 (3)

1. 32 (4)

N (1) 2Cu2N (2)

N (1) 2Cu2N (3)

N (1) 2Cu2N (4)

N (2) 2Cu2N (3)

N (2) 2Cu2N (4)

N (3) 2Cu2N (4)

Cu2N (1) 2C22

Cu2N (1) 2C23

Cu2N (2) 2C13

Cu2N (2) 2C24

Cu2N (3) 2C1

Cu2N (3) 2C12

Cu2N (4) 2C10

Cu2N (4) 2C11

82. 3 (9)

113. 0 (9)

123. 3 (9)

137. 5 (9)

122 (1)

82 (1)

130 (2)

112 (1)

131 (2)

112 (1)

132 (2)

108 (2)

134 (2)

113 (1)

Forma tion of the cuprous com plex f ilm on m eta ll ic copper surface
T he depo sit ion of b is (1, 102phenan th ro line) cup rou s comp lex on the copper su rface in

the aqueou s so lu t ion, in t rin sica lly is an ox idat ion react ion of copper by the mo lecu lar oxygen
in the p resence of 1, 102phenan th ro line. T he react ion canno t take p lace in a st rict ly deoxy2
genated so lu t ion and an inert a tmo sphere.

Fo r one dipp ing react ion of a copper fo il, the th ickness of the depo sited cup rou s comp lex

film reached the m ax im um (ca. 10 Λm ) after abou t 8 hou rs, yield ing abou t 1. 022. 0 m göcm 2.
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F ig. 2　A n OR T EP view of [Cu (phen) 2 ]T s·C2H 5OH , show ing the atom ic num bering

L ater, the th ickness began to decrease, becau se the cup rou s comp lex on the fo il began to be

ox id ized to [Cu (phen) 2 ]2+ and disso lved in to the so lu t ion. A fter abou t tw o days, a ll depo sit2
ed cup rou s comp lex w as disso lved in to the so lu t ion. It imp lies that [Cu (phen) 2 ]2+ m ay influ2
ence the fo rm at ion of [Cu (phen) 2 ]X in the system.

T he influence of [Cu (phen) 2 ]2+ ion to the su rface react ion in the so lu t ion are show n in

F ig. 1. Cu rve (a) show s m t decreases w ith the increasing concen tra t ion of CuÊ in the so lu2
t ion. T h is indica tes that CuÊ ion h inders the ox idat ion of Cu0. Bo th the ox idat ion p rocess

Cu0→CuÉ (depo sited on the fo il) and CuÉ→CuÊ (d isso lved in to the so lu t ion) con tribu te to

the copper con sump tion m (Cu). W e cou ld find that m t is no t a lw ays equal to actual yield of

CuÉ
m a, genera lly m a< m t, becau se a part of the depo sited cup rou s comp lex is d isso lved by

ox idat ion fo r CuÊ. In F ig. 1 w e cou ld find that m aequals to m t w ithou t adding CuÊ w ith in at

least 2. 7 hou rs. It imp lies that in severa l hou rs the su rface react ion has lit t le by2p roduct a t

very low CuÊ ion concen tra t ion. T he mo re the CuÊ ion concen tra t ion increases, the mo re m a

devia tes from m t. A nd the yield of the depo sited CuÉ sharp ly decreases. A pparen t ly a part of

the cup rou s comp lex w as disso lved to CuÊ by ox idat ion at a h igher CuÊ concen tra t ion.

W e suppo se that in ou r react ion system tw o ox idat ion p rocesses compete in the w ho le
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p rocess described above. Cu0→CuÉ p rocess is p redom inated in the early stage. It keep s con2
sum ing mo lecu lar oxygen in the so lu t ion fo r a ra ther long t im e (abou t 8 hou rs) t ill the film

th ickness of the su rface p roduct increases to the m ax im um value. In th is period the mo lecu2
la r oxygen“penetra tes”th rough the CuÉ f ilm reach ing the copper su rface to m ain ta in the

p rocess. T he penetra t ion p rocess m igh t be a tran spo rta t ion of mo lecu lar oxygen by exchang2
ing b inding comp lex [O 2Cu (phen) 2 ]+ th rough the CuÉ layer to the copper su rface. W hen the

CuÉ layer w as th ickened to som e ex ten t, the penetra t ion of oxygen becam e slow er than the

con sump tion of oxygen in Cu0→CuÉ p rocess. T hen CuÉ→CuÊ p rocess becam e p redom inated

in the so lu t ion.

T he basic study on the react ion of copper (É ) comp lex w ith mo lecu lar oxygen is of

great impo rtance fo r understanding the pathw ay of oxygen in copper2cata lyzed au to ox idat ion

react ion s in bo th chem ical and b io logica l system s. T he ox idat ion of 1, 102phenan th ro line cop2
per (É ) comp lex by mo lecu lar oxygen in the aqueou s so lu t ion and w ith m any differen t lig2
ands has been invest iga ted in deta il by Go ldstein [9, 10 ]. T hey concluded in their research that

the reduct ion of mo lecu lar oxygen by [Cu (phen) 2 ]+ (CuÉ ) p roceeds via the fo rm at ion of an

in term edia te w ith a copper2oxygen bond, i. e. via CuÉ 2O 2. D epending on the concen tra t ion

of CuÊ p resen t in the so lu t ion, th is t ran sien t m ay either react w ith ano ther CuÉ o r decom 2
po se to CuÊ and O 2, as show n in Eq. (1) and Eq. (2).

　　　　　　　　　　　　　　 　
　　CuÉ　　

2CuÊ + O 2
2- (1)

　　　　　　CuÉ + O 2= CuÉ - O 2

　　　　　　　　　　　　　　 　
　　　

CuÊ + O 2
- CuÉ

2CuÊ + O 2
2- (2)

CuÉ→CuÊ in ou r system is no t a simp le p rocess. O u r experim en ta l resu lts are con sisten t

w ith Go ldstein′s conclu sion. W hen ex tra mo lecu lar oxygen is p resen t in the so lu t ion, the

tran sien t comp lex CuÉ 2O 2 m ay decompo se to CuÊ (Eq. 2). W hen the CuÊ concen tra t ion be2
com es h igher in the so lu t ion, the tran sien t m ay react w ith ano ther CuÉ to p roduce CuÊ. T he

CuÊ ion accelera tes the ox idat ion of CuÉ to CuÊ.

Conclusion

T he cup rou s comp lex film cou ld be fo rm ed in the aqueou s so lu t ion on a clean m eta llic

copper su rface in the p resence of a n it rogen2con ta in ing heterocyclic ligand such as 1, 102
phenan th ro line and a p roper o rgan ic an ion (Bz- and T s- fo r in stance ). T he depo sited

cup rou s comp lex has p roved to have a sligh t ly disto rted tet rahedra l skeleton [Cu (phen) 2 ]+ .

W hen the depo sited CuÉ f ilm increased to a m ax im um th ickness, it started to be ox id ized to

cup ric compound. T he CuÊ ion in the so lu t ion h indered the p rocess of Cu0 to CuÉ , and in the

m eanw h ile accelera ted the p rocess of CuÉ to CuÊ.
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