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19501950: : AfterAfter World World WarWar II II thethe
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MWMW andand MMWMMW
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MicrowaveMicrowave SpectroscopySpectroscopy: : 
HistoricalHistorical OverviewOverview

Frquency domain

19741974: : TheThe availabilityavailability ofof digital digital circuitscircuits
transfertransfer thethe timetime--domaindomain spectroscopyspectroscopy
toto MW. (MW. (StaticStatic gas gas samplessamples)                                    )                                    
FourierFourier TransformTransform MicrowaveMicrowave
SpectroscopySpectroscopy FTMWFTMW
W.HW.H. . FlygareFlygare (Illinois. USA).     (Illinois. USA).     
H.DreizlerH.Dreizler ((Kiel.GermanyKiel.Germany))

FTMW + Supersonic Jets (MB) = MB-FTMW

A/D
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Control
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molecular
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FTMW spectrometer

Fabry-Pérot Cavity

��19791979: : FlygareFlygare promotedpromoted thethe fieldfield by by combinationcombination ofof supersonicsupersonic expansionsexpansions
((MolecularMolecular--BeamBeam, MB, MB) ) withwith FTMW FTMW SpectroscopySpectroscopy MBMB--FTMWFTMW

* * ImprovedImproved resolutionresolution andand sensitivitysensitivity: : FrequencyFrequency accuracyaccuracy ~ 2KHz~ 2KHz
ResolutionResolution ~ 7KHz~ 7KHz

NewNew horizonshorizons in in determiningdetermining molecular molecular propertiesproperties
CharacterizingCharacterizing molecular molecular complexescomplexes..

SupersonicSupersonic JetsJets

�� SupersonicSupersonic Jet:Jet:
�� AdiabaticAdiabatic expansionexpansion ofof a gas mixture a gas mixture throughthrough smallsmall (0.5 (0.5 mmmm) ) nozzlenozzle

intointo a a highhigh vacuumvacuum

-1000 -500 0 500 1000
0

10

20

30

40

50

60

 

 

(Tt < 1 K)

1/ −smxv

Vfsmf 1310/)( −−
xv

CarrierCarrier gasgas
(He, (He, NeNe, , ArAr,..),..)

SampleSample
((~~1%)1%)

nozzle
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SupersonicSupersonic JetsJets : : PropertiesProperties
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Molecular Molecular ComplexesComplexes
in in collisionlesscollisionless expansionexpansion

Injection
system

FTMW
Spectrometer

1. Formation of a gas pulse : 
Supersonic Expansion

2. Microwave Pulse :        
Polarization of

Molecules

3. Molecular Emission : free induction
decay+ Dissipation of the polarization energy

4. Detection

Microwave
pulse

Molecular
pulse

Detection
System

Frequency 
Domain

Molecular
Emission

0.1-1 ms

0.1-2 µs

0.5 ms

15-60 µs

FT

HOW A MB-FTMW SPECTROMETER WORKS?

→ SEQUENCE OF OPERATION

Frequency    
Domain

MB-FTMW (5-18.5 GHz)  Valladolid  1997

ALONSO et al.   ALONSO et al.   ChemChem. . PhysPhys.,  .,  218218, 267 (1997), 267 (1997)
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NeurotransmittersNeurotransmitters: : 
EphedrineEphedrine……

Amino AcidsMicro  
solvation

WaterWater clusters: clusters: 
Formamide··Formamide··

(H(H22O)O)n ·n ·

DetectingDetecting HydrogenHydrogen BondingBonding usingusing MBMB--FTMWFTMW

Intermolecular 
Complexes

••Axial / Axial / EquatorialEquatorial
HydrogenHydrogen bondsbonds

Biomolecules

•• CC--H···OH···O, C, C--H···FH···F, , 
•• CC--HH⋅⋅⋅π⋅⋅⋅π

InterIntermolecular molecular 
HydrogenHydrogen BondingBonding

IntraIntramolecular molecular 
HydrogenHydrogen BondingBonding

LALA--MBFTMW:MBFTMW:
Valine,SerineValine,Serine,  ,  CysteineCysteine, , 
GABA,  Glycine··· Water    GABA,  Glycine··· Water     
Uracil, Thymine, CytosineUracil, Thymine, Cytosine

LaserLaser ablationablation ofof
solidssolids compoundscompounds

�� TwoTwo equivalentequivalent nonnon--bondingbonding electronelectron pairspairs atat B:B:

HXOO OO

HX

�� TwoTwo nonnon--equivalentequivalent electronelectron pairspairs atat B :B :

HX
OO

HX

OO

HX

OO
HX

TwoTwo conformersconformers

Intermolecular Intermolecular ComplexesComplexes : A: A--H ··· BH ··· B

OneOne conformerconformer

FirstFirst experimetalexperimetal observationobservation ofof axial axial andand equatorialequatorial hydrogenhydrogen bondsbonds
the non-bonding electron pairs at B(O,S) are non equivalents 

as a consequence of the chair conformation of the ring in the 
six-membered rings

axial equatorial

O

H

O H

Cl

Cl

AXIAL and EQUATORIAL HYDROGEN BONDS

Alonso et al.  Angew. Chem. Int. Ed., 1999, 38, 1772
Chem.Phys.Chem.,2, 114, 2001.
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�� The observation of both axial and The observation of both axial and 
equatorial conformers in the fourequatorial conformers in the four--
memberedmembered ringsrings

�� existence of a ringexistence of a ring--puckering largepuckering large--amplitudamplitud
motion that prevails after the hydrogen bond motion that prevails after the hydrogen bond 
formation, emerging two formation, emerging two nonequivalentnonequivalent
binding sites which result in different axial binding sites which result in different axial 
and equatorial conformers.and equatorial conformers.

AXIAL and EQUATORIAL HYDROGEN BONDS

axialaxial

equatorialequatorial

ϕϕϕϕ = 91.1(17)º

ϕϕϕϕ = 92.1(10)º

2.28(2) Å

2.26(6) Å

θθθθ = 14.1(8)º

θθθθ = 18.4(5)º

3.20 Å

3.26 Å

SANZ, LESARRI, LOPEZ, ALONSO,  SANZ, LESARRI, LOPEZ, ALONSO,  
AngewAngew. . ChemChem..,  ,  4040, 935 (2001), 935 (2001)

AXIAL and EQUATORIAL HYDROGEN BONDS

O

H

H

H

H F

Two bifurcated hydrogen bonds : CTwo bifurcated hydrogen bonds : C--HH········O and CO and C--HH········FF

WEAK HYDROGEN BONDS: C-H···O , C-H···F

F

OXIRANE

DIFLUOROMETHANE

ChemPhysChem 2004
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Three weak hydrogen bonds, one C-H⋅⋅⋅O and 
two C-H⋅⋅⋅F-H, establish the global minimum 
configuration of the oxirane···trifluoromethane
adduct. The trifluoromethyl group can rotate 
almost freely (V3 = 0.55 kJ/mol) around its C3 
symmetry axes.

WEAK HYDROGEN BONDS: C-H···O , C-H···F

OXIRANE

TRIFLUOROMETHANE

Alonso et al.JACS,  2004

WEAK HYDROGEN BONDS: C-H⋅⋅⋅π

*Weak Hydrogen Bond Complex 
stabilized by a CH⋅⋅⋅πweak hydrogen 
bond. is a symmetric top.

* Both species are characterized by 
an almost free rotation of the two 
subunits with respect to each other. 
The estimated dissociation energy is 
8.4 kJ/mol.

BENZENE··TRIFLUOROMETHANE

symmetric top.

We have analyzed the rotational spectra of formamide-(H2O)n clusters:

1) To characterize the different 1:1 and most stable 1:2 conformers.
2) To search for evidences of cooperative effects such as polarization enhancedpolarization enhanced or 
resonance assistedresonance assisted hydrogen bonding

r(Cr(C--N) N) decreasedecrease

shorteningshortening ofof HB HB lengthslengths

N C

H

O

H

H

N C

H

O

H

H

O

H

H

N C

H

O

H

H

O
H

HO

H
H

MICROSOLVATION:                                         
The formamide ···(H2O)n (n=1,2) clusters

mimics the peptide  groupmimics the peptide  group

MICROSOLVATION: The formamide···(H2O)n
(n=1,2) clusters

1:1a The most stable conformer of the formamide-H2O complex (), is stabilized by 
two hydrogen bonds O-H···O=C and N-H···O with water closing a cycle structure. 

interactions of water with the peptide functional groupinteractions of water with the peptide functional group

1:1a 1:1b 1:1c 1:2a

1:1b At the CO site the water acts as a proton donor bonded through the 
lone-pair of the oxygen atom in the carbonyl group.

1:1c  At the NH site the water acts as an acceptor through the anti-hydrogen of
the amino group.

1:2a  Closed Cyclic structure with two water molecules establishing three  hydrogen 
bonds.

2121212121515N

6.06.65.78.23.92.64.9σ / kHz

-3.391(14)-3.3791(81)-3.366(14)-3.415(20)-3.3951(96)-3.371(26)-3.3693(96)χcc/ MHz

2.0413(26)2.0333(17)2.0271(28)2.0485(41)2.0381(20)2.0334(64)2.0371(20)χbb/ MHz

1.3493(64)1.3457(31)1.3391(52)1.3653(73)1.3571(36)1.3377(69)1.3321(37)χaa/ MHz

[0.0][0.0][0.0][0.0][0.0][0.0][0.0][0.0]δK / kHz

[2.728][2.728][2.728][2.728][2.728][2.728][2.728]2.728(58)δJ / kHz

[0.0][0.0][0.0][0.0][0.0][0.0][0.0][0.0]∆K / kHz

[24.24][24.24][24.24][24.24][24.24][24.24][24.24]24.24(48)∆JK/ kHz

[7.844][7.844][7.844][7.844][7.844][7.844][7.844]c7.844(70)∆J / kHz

-0.12682(40)-0.29761(44)-0.10644(44)-0.11529(44)-0.12118(37)-0.10439(39)-0.10973(41)-0.10814(41)∆ / u Å2

3218.02144(10)3105.3851(14)3103.50898(94)3151.8641(13)3226.77112(64)3222.31874(95)3228.9331(11)3258.8277(12)C/ MHz

4520.03865(10)4287.0567(14)4286.04140(99)4514.1426(14)4588.54771(69)4565.9951(10)4528.4531(13)4586.9623(16)B/ MHz

11140.3424(36)11191.9592(21)11221.9584(35)10419.4158(49)10844.4309(24)10925.1667(27)11224.4801(33)11227.9330(23)A/ MHz

NH2-COH 
···(HbDcO)

NH2-COH 
···(DbHcO)

NH2-COH 
···(H2

18O)
NHsDa-COH 

···(H2O)
NDsHa-COH 

···(H2O)
15NH2-COH 

···(H2O)
NH2-13COH 

···(H2O)
Parenta

2121212121515N

6.06.65.78.23.92.64.9σ / kHz

-3.391(14)-3.3791(81)-3.366(14)-3.415(20)-3.3951(96)-3.371(26)-3.3693(96)χcc/ MHz

2.0413(26)2.0333(17)2.0271(28)2.0485(41)2.0381(20)2.0334(64)2.0371(20)χbb/ MHz

1.3493(64)1.3457(31)1.3391(52)1.3653(73)1.3571(36)1.3377(69)1.3321(37)χaa/ MHz

[0.0][0.0][0.0][0.0][0.0][0.0][0.0][0.0]δK / kHz

[2.728][2.728][2.728][2.728][2.728][2.728][2.728]2.728(58)δJ / kHz

[0.0][0.0][0.0][0.0][0.0][0.0][0.0][0.0]∆K / kHz

[24.24][24.24][24.24][24.24][24.24][24.24][24.24]24.24(48)∆JK/ kHz

[7.844][7.844][7.844][7.844][7.844][7.844][7.844]c7.844(70)∆J / kHz

-0.12682(40)-0.29761(44)-0.10644(44)-0.11529(44)-0.12118(37)-0.10439(39)-0.10973(41)-0.10814(41)∆ / u Å2

3218.02144(10)3105.3851(14)3103.50898(94)3151.8641(13)3226.77112(64)3222.31874(95)3228.9331(11)3258.8277(12)C/ MHz

4520.03865(10)4287.0567(14)4286.04140(99)4514.1426(14)4588.54771(69)4565.9951(10)4528.4531(13)4586.9623(16)B/ MHz

11140.3424(36)11191.9592(21)11221.9584(35)10419.4158(49)10844.4309(24)10925.1667(27)11224.4801(33)11227.9330(23)A/ MHz

NH2-COH 
···(HbDcO)

NH2-COH 
···(DbHcO)

NH2-COH 
···(H2

18O)
NHsDa-COH 

···(H2O)
NDsHa-COH 

···(H2O)
15NH2-COH 

···(H2O)
NH2-13COH 

···(H2O)
Parenta

1:1aFormamide ···H2O

15510.5 15511.0 15511.5 15512.0

ν / MHz

F’ ← F’’

1 ← 1 2 ← 2
1 ← 0

2 ← 1

3 ← 2

15510.5 15511.0 15511.5 15512.0

ν / MHz

F’ ← F’’

1 ← 1 2 ← 2
1 ← 0

2 ← 1

3 ← 2

2438

2684

25970

MP2/6-
311++G(d,p)

66Ν 

3.3σ / kHz 

-3.6018(39)χcc / MHz

1.7393(39)χbb / MHz

1.8625(22)χaa / MHz

[0.0]δK / kHz

1.3691 (133)δJ / kHz

[0.0]e∆K / kHz

-0.29706( 38)∆JK / kHz

7.6202(147)∆J / kHz

2433.84900(63)2433.84992(64)C / MHz

2682.97837(68)2682.97653(65)B / MHz

26170.8(61)dA / MHz a

10

2438

2684

25970

MP2/6-
311++G(d,p)

66Ν 

3.3σ / kHz 

-3.6018(39)χcc / MHz

1.7393(39)χbb / MHz

1.8625(22)χaa / MHz

[0.0]δK / kHz

1.3691 (133)δJ / kHz

[0.0]e∆K / kHz

-0.29706( 38)∆JK / kHz

7.6202(147)∆J / kHz

2433.84900(63)2433.84992(64)C / MHz

2682.97837(68)2682.97653(65)B / MHz

26170.8(61)dA / MHz a

10

15723.5 15724.0

 

ν / MHz

F’ ←
F’’

2 ← 1
4 ←

3

3 ←
20

1

0
1

0
1

1:1b

µµµµa- and µµµµb-type spectra 
14N quadrupole HFS
Tunneling Splittings (kHz)

Formamide ···H2O
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µµµµa- and µµµµb-type spectra 
14N quadrupole HFS
Tunneling Splittings (MHz)

Formamide ···H2O
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-3.0684(177)-3.1002(225)-3.0763(121)-3.0782(290)-3.0269(238)-3.0634(147)χc/ MHz

2.0108(177)2.0286(225)2.0009(121)2.0334(290)2.0295(238)2.0142(147)χb/ MHz

1.0575(123)1.0717(181)1.0754(75)1.0447(234)0.9975(193)1.0493(91)χa/ MHz

[18.1][18.1][18.1][18.1][18.1][18.1]δK / kHz

[0.565][0.565][0.565][0.565][0.565][0.565]δJ / kHz

[0.0][0.0][0.0][0.0][0.0][0.0]∆K / kHz

[16.3][16.3][16.3][16.3][16.3][16.3]∆JK/ kHz

[2.08][2.08][2.08][2.08][2.08][2.08]c∆J / kHz

1611.42773(41)1639.01599(51)1604.74185(33)1631.64517(66)1609.03594(50)1601.76873(42)C/ MHz

2575.60939(225)2625.27494(238)2558.17803(94)2582.15945(359)2554.07174(293)2550.81170(119)B/ MHz

4230.04111(313)4313.55882(347)4258.42155(312)4380.5341(46)4267.05691(370)4257.87728(396) bA/ MHza

NH2-COH 
···(H2O)(HdDeO)

NH2-COH 
···(H2O)(DdHeO)

NH2-COH 
···(H2O)(H2

18Ov)
NH2-COH 

···(HbDcO)(H2O)
NH2-COH 

···(DbHcO)(H2O)
NH2-COH 

···(H2
18Ow)(H2O)

8252 .5 8253 .0 8253 .5 8254 .0

ν  / MH z

F’ ←
F’’

1 ← 1

2 
←
2

1 
←
0

2←
1

3 
←
2

1:2 aFormamide···(H2O)2 Structures : Formamide

Ha

Hs

N C121.4(6)º

118.2(9)º

1.34(2) Å

1.0020(84)r(C-Hs)/ Å

1.343(21)r(C-N)/ Å

0.9907(72)r(C-Ha)/ Å

118.23(86)∠ (C-N-Hs)/ º

121.37(64)∠ (Ha-N-Hs)/ º

120.4(1.2)∠ (C-N-Ha)/ º

rs

1.0020(84)r(C-Hs)/ Å

1.343(21)r(C-N)/ Å

0.9907(72)r(C-Ha)/ Å

118.23(86)∠ (C-N-Hs)/ º

121.37(64)∠ (Ha-N-Hs)/ º

120.4(1.2)∠ (C-N-Ha)/ º

rs

138.87(75)∠ (N-Hs···Ow)/ º

1.8745(33)r(O ··· Hc)/ Å

107.56(56)∠ (C-O···Hc)/ º

106.1(2.9)∠ (Hb-Ow-Hc)/ º

77.34(56)∠ (Hs···Ow-Hc)/ º

150.4(2.4)∠ (Hb-Ow-Hc···Hs)/ º

0.919(25)r(Ow-Hb)/ Å

1.022(11)r(Ow-Hc)/ Å

2.1234(91)r(Ow ··· Hs)/ Å

0.9321(93)r(C-Hs)/ Å

1.341(15)r(C-N)/ Å

0.9753(79)r(C-Ha)/ Å

119.56(58)∠ (C-N-Hs)/ º

119.37(64)∠ (Ha-N-Hs)/ º

120.6(1.2)∠ (C-N-Ha)/ º

rs

138.87(75)∠ (N-Hs···Ow)/ º

1.8745(33)r(O ··· Hc)/ Å

107.56(56)∠ (C-O···Hc)/ º

106.1(2.9)∠ (Hb-Ow-Hc)/ º

77.34(56)∠ (Hs···Ow-Hc)/ º

150.4(2.4)∠ (Hb-Ow-Hc···Hs)/ º

0.919(25)r(Ow-Hb)/ Å

1.022(11)r(Ow-Hc)/ Å

2.1234(91)r(Ow ··· Hs)/ Å

0.9321(93)r(C-Hs)/ Å

1.341(15)r(C-N)/ Å

0.9753(79)r(C-Ha)/ Å

119.56(58)∠ (C-N-Hs)/ º

119.37(64)∠ (Ha-N-Hs)/ º

120.6(1.2)∠ (C-N-Ha)/ º

rs

Structures : Formamide 1:1a

Ha

Hs

Hb

Hc

N C

Ow

1.34(2) Å

2.123(9) Å

119.4(6)º

138.9(8)º

150(2)º

1.875(3) Å

107.6(6)º

O

Ha

Hs

Hb
Hc

N C

Ow

Ov

He

Hd

1.31(7) Å

1.79(2) Å

1.69(1) Å

-144(3)º
115(5)º

100.2(4)º

97.3(3)º 1.759(4) Å

131(2)º O

Structures : Formamide 1:2a

100.15(42)∠ (Hc···Ov-Hd)/ º

1.6852(98)r(Ov ··· Hc)/ Å

130.7(2.1)∠ (C-O···Hd)/ º

157.5(2.2)∠ (Ow-Hc···Ov)/ º

106.8(2.4)∠ (He-Ov-Hd)/ º

171.2(4.1)∠ (N-Hs···Ow)/ º

1.7590(40)r(O ··· Hd)/ Å

0.961(26)r(Ov-He)/ Å

1.0243(51)r(Ov-Hd)/ Å

97.26(25)∠ (Hs···Ow-Hc)/ º

108.7(2.2)∠ (Hb-Ow-Hc)/ º

-144.4(3.2)∠ (Hb-Ow-Hc···Hs)/ º

114.7(4.5)∠ (He-Ov-Hd···Hs)/ º

0.970(30)r(Ow-Hb)/ Å

1.109(10)r(Ow-Hc)/ Å

1.792(20)r(Ow ··· Hs)/ Å

1.126(21)r(C-Hs)/ Å

1.307(72)r(C-N)/ Å

121.2(1.9)∠ (C-N-Hs)/ º

rs

100.15(42)∠ (Hc···Ov-Hd)/ º

1.6852(98)r(Ov ··· Hc)/ Å

130.7(2.1)∠ (C-O···Hd)/ º

157.5(2.2)∠ (Ow-Hc···Ov)/ º

106.8(2.4)∠ (He-Ov-Hd)/ º

171.2(4.1)∠ (N-Hs···Ow)/ º

1.7590(40)r(O ··· Hd)/ Å

0.961(26)r(Ov-He)/ Å

1.0243(51)r(Ov-Hd)/ Å

97.26(25)∠ (Hs···Ow-Hc)/ º

108.7(2.2)∠ (Hb-Ow-Hc)/ º

-144.4(3.2)∠ (Hb-Ow-Hc···Hs)/ º

114.7(4.5)∠ (He-Ov-Hd···Hs)/ º

0.970(30)r(Ow-Hb)/ Å

1.109(10)r(Ow-Hc)/ Å

1.792(20)r(Ow ··· Hs)/ Å

1.126(21)r(C-Hs)/ Å

1.307(72)r(C-N)/ Å

121.2(1.9)∠ (C-N-Hs)/ º

rs
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* No evidences resonance assistedresonance assisted hydrogen bonding

Cooperative Effects

N C

H

O

H

H

N C

H

O

H

H

O

H

H

N C

H

O

H

H

O
H

HO

H
H

1.34(2) Å 1.34(2) Å 1.31(7) Å

* Evidences of  polarization enhancedpolarization enhanced hydrogen bonding
shorteningshortening ofof HB HB lengthslengths

r(Cr(C--N) N) decreasedecrease

1.79
1.69

1.762.12
1.87

Ethylamine side chain

EthanolamineEthanolamine sideside chainchain

NEUROTRANSMITTERS
Molecules which mediate the
connections between nerve cells
belong to the family of
neurotransmitter. Many share a 
common structural motif

EPHEDRINE

Is representative of a wide family of
neurotransmitters comprising an ethanolamine
side chain attached to an aromatic ring. 

Molecular Conformation plays a crucial role 
for the understanding of the biological function

The torsional flexibility of the
side chain results in an unusual
great number of low energy
conformers whose relative
stability is controlled by  
intramolecular  interactions
involving hydrogen bonding.

AG(a)

GG(a)

Ephedrine: Lower-energy Conformers
AG(b)

GG(b)

O-H···N and N-H···π (256 cm-1 )

O-H···N     ( 473 cm-1 )O-H···N      ( 0 cm-1 )

O-H···N     ( 1108 cm-1 )

MB-FTMW

Heating Valve

Solid sample

heating macor

GEM. Valladolid 

Spectroscopic
Parameters

C / MHz

B / MHz

A / MHz

χχχχcc / MHz

χχχχbb / MHz

χχχχaa / MHz

EPHEDRINE 

AG(aAG(a))

504.6

532.8

2014.4

0.63

-3.26

2.63

AB-INITIO

500.160014 (41)

529.549500 (41)

1998.63822 (35)

0.2089 (17)

-2.7436 (17)

2.5347 (13)

EXPERIMENTAL

GG(aGG(a))

572.416089 (62)

592.448419 (73)

1568.24526 (49)

0.7575 (75)

-3.2045 (75)

2.447 (12)

579.3

597.1

1565.7

0.39

-2.90

2.51

AB-INITIO EXPERIMENTAL

AG(bAG(b))

475.173363 (51)

503.794257 (40)

2115.87705 (59)

2.058 (11)

-4.622 (11)

2.564 (17)

480.0

507.2

2112.1

2.14

-4.83

2.70

AB-INITIO EXPERIMENTAL

OO--HH······NN OO--HH······NN
NN--HH······ππ

OO--HH······NN



7

NeurotransmittersNeurotransmitters: : 
EphedrineEphedrine……

Amino AcidsMicro  
solvation

WaterWater clusters: clusters: 
Formamide··Formamide··

(H(H22O)O)n ·n ·

DetectingDetecting HydrogenHydrogen BondingBonding usingusing MBMB--FTMWFTMW

Intermolecular 
Complexes

••Axial / Axial / EquatorialEquatorial
HydrogenHydrogen bondsbonds

Biomolecules

•• CC--H···OH···O, C, C--H···FH···F, , 
•• CC--HH⋅⋅⋅π⋅⋅⋅π

InterIntermolecular molecular 
HydrogenHydrogen BondingBonding

IntraIntramolecular molecular 
HydrogenHydrogen BondingBonding

LALA--MBFTMW:MBFTMW:
Valine,SerineValine,Serine,  ,  CysteineCysteine, , 
GABA,  Glycine··· Water    GABA,  Glycine··· Water     
Uracil, Thymine, CytosineUracil, Thymine, Cytosine

LaserLaser ablationablation ofof
solidssolids compoundscompounds

ORGANIC SOLIDS : ROTATIONAL SPECTRA (?)ORGANIC SOLIDS : ROTATIONAL SPECTRA (?)

Heating methods
Glycine: m.p. 240ºC
Alanine: m.p. 289ºC

Laser Ablation
An effective way of
vaporizing neutral molecules
preventing thermal
decomposition

ThermalThermal decompositiondecomposition A AA
hν

(?)

¡ ¡ WholeWhole series series ofof importantimportant organicorganic ((biomoleculesbiomolecules) ) 
compoundscompounds escape escape fromfrom highhigh resolutionresolution rotationalrotational
spectroscopyspectroscopy duedue toto intrinsicallyintrinsically highhigh meltingmelting pointspoints andand
associatedassociated veryvery lowlow vapor vapor pressurespressures

MB MB --FTMW + FTMW + LaserLaser AblationAblation

MBMB--FTMWFTMW
SpectroscopySpectroscopy

LLaseraser ablationablation LA LA isis combinedcombined withwith MBMB--FTMW   FTMW   spectroscopyspectroscopy →→
LALA--MBMB--FTMW FTMW SpectrometerSpectrometer

ToTo allow the structural characterization of the allow the structural characterization of the vaporizedvaporized species in species in 
the adiabatic expansion (gas the adiabatic expansion (gas phasephase))

LaserLaser AblationAblation

LALA--MBMB--FTMWFTMW

FabryFabry--PérotPérot
resonatorresonator

FixedFixed
mirrormirror

MovingMoving
mirrormirror

MicrowaveMicrowave
antennaantenna

MicrowaveMicrowave
antennaantenna

DifDif. . pumppump

RotatoryRotatory pumppump

ExpansionExpansion chamberchamber

55 55 cmcm

LALA--MBMB--FTMWFTMW

DifDif. . pumppump

RotatoryRotatory pumppump

Ne

CarrierCarrier gasgas
+ + precursorsprecursors

LaserLaser
beambeam

Nd:YAGNd:YAG laserlaser

SolidSolid
samplesample

LALA--MBMB--FTMW: FTMW: AblationAblation nozzlenozzle

SampleSample
compartmentcompartment

Valladolid 2005Valladolid 2005

solidsolid

nozzlenozzle
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LALA--MBMB--FTMWFTMW

Valladolid 2005Valladolid 2005

FABRY-PEROT 
RESONATOR

FT-MW
SPECTROMETER

LASER

gas pulse carrier
gasr

Diff.
pump

Rot. pump

resonator
Fabry-Pérot

Supersonic jet

inyector

laser pulse

Nd:YAG 
(532nm)

LA-MB-FTMW : Experimental Sequence

1. Each cycle starts with a gas pulse 
of Ne or Ar as carrier gas ⇒

2. ⇒ followed by a laser pulse
generating the ablations products
which are seeded in carrier gas

→ Supersonic expansion (jet).

gas pulse Carrier
Gas

Diff.
pump

Rot.pump

resonador
Fabry-Pérot

Supersonic jet
laser pulse

Espectrometer
FT-MW

MW pulse

Polarization

Detection

MW

LA-MB-FTMW : Experimental Sequence

3. A very short microwave
induces a macroscopic
Polarization

Gas pulse Carrier
gasr

diff
pump

Rot. pump

laser pulse

Espectrometer
FT-MW

MW Pulse

Polarization

DetecciónDetection

molecular emision

Detection

FT 

time time domaindomain
frecuencyfrecuency domaindomain

resonator
Fabry-Pérot

LA-MB-FTMW : Experimental Sequence

�� TheThe greatgreat torsionaltorsional flexibilityflexibility ofof amino amino acidsacids
resultsresults in in anan unusualunusual greatgreat numbernumber ofof stablestable
conformersconformers ofof lowlow energyenergy whosewhose relativerelative stabilitystability isis
contolledcontolled by intramolecular by intramolecular interactionsinteractions..

TheThe intrinsicintrinsic conformationalconformational preferencespreferences are are onlyonly
revealedrevealed in in isolationisolation conditionsconditions in in thethe gas gas phasephase..

WhyWhy Amino Amino AcidsAcids in in thethe GasGas--PhasePhase ??

serine up to

324 predicted

conformers

WhyWhy Amino Amino AcidsAcids in in thethe GasGas--PhasePhase ??
�� Amino Amino AcidsAcids in in theirtheir natural natural condensedcondensed phasesphases

are are stabilizedstabilized as by as by sstrongtrong intermolecular intermolecular 
interactionsinteractions as as zwitterionszwitterions (i.e., a bipolar (i.e., a bipolar 
ionized form (ionized form (++HH33NN--CH(R)CH(R)--COOCOO--) which does not ) which does not 
occur in the polypetide chain   occur in the polypetide chain   →→The structural The structural 
research of the research of the neutralneutral aminoacids  should beaminoacids  should be
conducted in conducted in gas phasegas phase where the they present where the they present 
an unsolvated neutral form HNan unsolvated neutral form HN--CH(R)CH(R)--COOH COOH 
which represents the best approximation of an which represents the best approximation of an 
amino acid residue in a polipedtide chain.amino acid residue in a polipedtide chain.
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ComputationalComputational benchmarksbenchmarks : : provideprovide accurateaccurate structuralstructural

informationinformation directlydirectly comparable comparable toto thethe in vacuo in vacuo theoreticaltheoretical predictionspredictions

QuantumQuantum
ChemistryChemistry

AbAb initioinitio methodsmethods

MP, DFTMP, DFT

Prediction:
Rotational constants
Nuclear quadrupole coupling
Dipole moments

LALA--
MBMB--FTMWFTMW

Experimental Experimental resultsresults
Molecular Properties:
Rotational constants
Nuclear quadrupole coupling
Dipole moments

ComparisonComparison BenchmarkBenchmark
ConformationalConformational

AnalysisAnalysis

WhyWhy MW MW SpectroscopySpectroscopy ?? PreviousPrevious studiesstudies

�� UsingUsing heatingheating methodsmethods::

Glycine Glycine 19781978--
19801980

Alanine Alanine 19931993

beforebefore 20002000

I II I II

-- TwoTwo conformersconformers observedobserved
-- StructureStructure ofof conformerconformer IIII

-- TwoTwo conformersconformers observedobserved
-- No No StructureStructure

Amino Amino acidsacids in gasin gas--phasephase

Alanine Alanine BLANCO, LESARRI,BLANCO, LESARRI,
LÓPEZ, ALONSOLÓPEZ, ALONSO
JACS.,JACS., 126, 11675 (2004)126, 11675 (2004)

Valine Valine 
LESARRI, COCINERO, LESARRI, COCINERO, 
LÓPEZ, ALONSO, LÓPEZ, ALONSO, 
AngewAngew. . ChemieChemie.,43, 605 .,43, 605 (2004)(2004)

AliphaticAliphatic Amino Amino AcidsAcids

Isoleucine Isoleucine 
LESARRI, COCINERO,LESARRI, COCINERO,
LÓPEZ, ALONSOLÓPEZ, ALONSO
submittedsubmitted (2005)(2005)

LeucineLeucine

Amino Amino acidsacids in gasin gas--phasephase

((44SS))--HydroxiprolineHydroxiproline

((44RR))--HydroxiprolineHydroxiproline LESARRI, COCINERO,  LESARRI, COCINERO,  
LOPEZ, ALONSO, LOPEZ, ALONSO, 
J. J. AmerAmer. . ChemChem. . SocSoc., 127, 2572 ., 127, 2572 (2005)(2005)

Proline Proline LESARRI, LESARRI, MATA,COCINEROMATA,COCINERO, , 
BLANCO, LOPEZ, ALONSO, BLANCO, LOPEZ, ALONSO, 
AngewAngew. . ChemieChemie., 41, 4673 ., 41, 4673 (2002)(2002)

Imino Imino AcidsAcids

Amino Amino acidsacids in gasin gas--phasephase

CysteineCysteine

SerineSerine

Alcohol / Alcohol / TioalcoholTioalcohol sideside chainchain

Amino Amino acidsacids in gasin gas--phasephase

AsparticAspartic acidacid

TwoTwo carboxyliccarboxylic groupsgroups
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NonNon--codedcoded Amino Amino acidsacids in gasin gas--phasephase

SarcosineSarcosine

αα--AminobutyricAminobutyric

N,NN,N--dimetildimetil
glycineglycine

LESARRI, COCINERO, LESARRI, COCINERO, 
LÓPEZ, ALONSO, LÓPEZ, ALONSO, 
ChemPhysChemChemPhysChem. In . In presspress (2005)(2005)

PhenylglycinePhenylglycine

αα--Amino Amino acidsacids

NonNon--codedcoded Amino Amino acidsacids in gasin gas--phasephase

ββ--AminobutyricAminobutyric

ββ--AlanineAlanine

γγ--AminobutyricAminobutyric
GABAGABA

ββ-- andand γγ--Amino Amino acidsacids

Amino Amino AcidsAcids in in spacespace ??

�� PresencePresence in in thethe
interestellarinterestellar mediummedium: : 
¿¿OriginOrigin ofof lifelife? ? 

LaboratoryLaboratory RadiotelescopeRadiotelescope
SpectroscopicSpectroscopic parametersparameters

GlycineGlycine ?,?,
ÁcÁc. Fórmico, . Fórmico, acac. acético, . acético, acrilonitriloacrilonitrilo,,
EtilenglicolEtilenglicol, benceno?, benceno?

136 136 moleculesmolecules
((DecemberDecember 2004)2004)

CH2CHCHO ?

l-HC6H ?

C8HCH2OHCHO

CH3CH2CHOHC7NH2C6

H2NCH2CO2H
Glicina ?

CH3CH2
OH

C7H

(CH2OH)2 ?(CH3)2OCH3COOH

(CH3)2COCH3CH2
CN

HCOOCH3

HC11NC6H6 ?HC9N   CH3C5N ?CH3C4HCH3C3N

13 átomos12 
átomos

11 
átomos

10 
átomos

9 
átomos

8 
átomos

SERINE

up to 324 predicted
conformations

The introduction of the ethoxy
group adds two rotors and the
additional donor-acceptor
hydrogen bonding capabilities of
the hydroxy group

The exploration of the
conformational landscape of serine
by ab initio quantum chemical
calculations

Gronert et al JACS 117 (1995)

�� TheThe conformationalconformational behaviorbehavior isis conditionedconditioned by by thethe
potentialpotential formationformation ofof 3 3 differentdifferent typestypes ofof intramolecular intramolecular 
hydrogenhydrogen bondsbonds: : 
➔➔ TypeType I: I: amineamine--toto--carbonylcarbonyl oxygenoxygen ((NH···O=CNH···O=C) ) 

Conf. I

αααα –––– Amino Acids

�� TheThe conformationalconformational behaviorbehavior isis conditionedconditioned by by thethe
potentialpotential formationformation ofof 3 3 differentdifferent typestypes ofof intramolecular intramolecular 
hydrogenhydrogen bondsbonds: : 
➔➔ TypeType I: I: amineamine--toto--carbonylcarbonyl oxygenoxygen (NH···O=C)(NH···O=C)
➔➔ TypeType II: N II: N lonelone pairpair –– Hydroxyl hydrogenHydroxyl hydrogen ((N···HN···H--OO))

Conf. IIConf. I

αααα –––– Amino Acids



11

�� TheThe conformationalconformational behaviorbehavior isis conditionedconditioned by by thethe
potentialpotential formationformation ofof 3 3 differentdifferent typestypes ofof intramolecular intramolecular 
hydrogenhydrogen bondsbonds: : 
➔➔ TypeType I: I: amineamine--toto--carbonylcarbonyl oxygenoxygen (NH···O=C) (NH···O=C) 
➔➔ TypeType II: N II: N lonelone pairpair –– Hydroxyl hydrogen (N···HHydroxyl hydrogen (N···H--O)O)
➔➔ TypeType III: H III: H amineamine groupgroup –– Hydroxyl oxygen (Hydroxyl oxygen (NH···ONH···O--HH))

Conf. IIIConf. I

αααα –––– Amino Acids

Conf. II

Amino Amino AcidsAcids : : SideSide chainchain orientationorientation
�� TheThe etoxyetoxy groupgroup can can additionallyadditionally establishestablish threethree orientationsorientations

ofof thethe hydroxyhydroxy groupgroup (a, b, c) (a, b, c) forfor eacheach conformerconformer. . TheThe
energyenergy orderingordering ofof thesethese configurationsconfigurations couldcould dependdepend onon thethe
backbonebackbone conformationconformation..

COOH

βH NH2

OH H

H

c

COOH

βH NH2

H H

OH

a

60º 180º 300º

COOH

βH NH2

H OH

H

b

SERINE : Lower Energy Conformers

Type I 
NH···O=C

Type II    
OH···N

Type IIIα
NH···OH

MP4/6-311++G(d,p)

Ia Ic

IIbIIa IIc

IIIαa IIIαb

IIIβcIIIβb

Ib

IIIβa

IIIαc

0 cm-1 1002 cm-1

22 cm-1592 cm-1 297 cm-1

491cm-1 1061 cm-1

756cm-1477cm-1

691 cm-1

Type IIIβ
NH···OH

1328 cm-1

SERINE : Rotational Spectrum

9666.0 9667.0 9668.0 ν/ MHz

3←3

F’ ← F’’=4 ←3

2←1

3←2

30,3←20,2

2.82359 (63)χbb / MHz

53N
3.0σ / kHz

1.4788 (46)χcc/ MHz

-4.3023 (27)χaa / MHz

[0.0]δK / kHz
[0.0]δJ / kHz
[0.0]∆K / kHz
1.73 (17)∆JK / kHz
0.2006 (61)∆J / kHz

1443.79545 (28)C / MHz
1830.16170 (25)B / MHz
4479.0320 (12)A / MHz

* a-type R-Branch transitions of an asymmetric rotor were assigned.

* All the transitions are splitted in several components attributable to the
nuclear hyperfine interactions of a single 14N nucleus (I=1).                             

Η= ΗA
R + ΗQ 

Watson Semirigid
Rotor

Nuclear Quadrupole
Coupling Term

SSSSERINEERINEERINEERINE

Ia

1.612

-0.563

-1.048

1584.38

2321.90

3510.40

Exp.

756

1.821.821.821.82

----0.750.750.750.75

----1.081.081.081.08

1580158015801580

2331233123312331

3519351935193519

MP2

IIIβc

1.1291.1291.1291.129

----0.4560.4560.4560.456

----0.6730.6730.6730.673

1664.531664.531664.531664.53

2242.762242.762242.762242.76

3931.753931.753931.753931.75

Exp.

477

1.191.191.191.19

----0.530.530.530.53

----0.650.650.650.65

1667166716671667

2249224922492249

3934393439343934

MP2

IIIβb

----1.4661.4661.4661.466

2.0722.0722.0722.072

----0.6060.6060.6060.606
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F’ ← F’’=4 ←3

2←1

3←2

2←2

SERINE : Rotational Spectrum

2.07970 (93)χbb / MHz

74N
3.3σ / kHz

1.3819 (47)χcc/ MHz

-3.4616 (19)χaa / MHz

[0.0]δK / kHz
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[0.0]∆K / kHz
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2380.37208 (40)B / MHz
3557.20088 (25)A / MHz

* Another series of a-type R-Branch transitions of an asymmetric rotor were
assigned.

* All the transitions are splitted in several components attributable to the
nuclear hyperfine interactions of a single 14N nucleus (I=1).                             
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SERINE : Rotational Spectrum
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0.242 (10)

1463.79646 (31)

1846.99360 (30)

4517.473 (17)

24

2.5

1.5906 (50)

2.06213 (26)

-3.6527 (57)

[0.0]

[0.0]

[0.0]

[0.0]

0.246 (34)

1519.18716 (36)

2387.89651 (99)

3638.05784 (38)

χbb / MHz

N
σ / kHz

χcc/ MHz

χaa / MHz

δK / kHz
δJ / kHz
∆K / kHz
∆JK / kHz
∆J / kHz

C / MHz
B / MHz
A / MHz

* Another two series of a-type R-Branch transitions of an asymmetric rotor 
were assigned.

* All the transitions are splitted in several components attributable to the
nuclear hyperfine interactions of a single 14N nucleus (I=1).                             
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14N nuclear quadrupolo coupling constants,which depend on the electronic
environment around the amino nitrogen are extremely sensitive to the
amino group orientation UNIQUE IDENTIFIER
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SERINE : Rotational Spectrum
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* Another series of a-type R-Branch transitions of an asymmetric rotor were
assigned.

* All the transitions are splitted in several components attributable to the
nuclear hyperfine interactions of a single 14N nucleus (I=1).                             
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30,3←20,2

SERINE : Rotational Spectrum
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* Another series of a-type R-Branch transitions of an asymmetric rotor were
assigned.

* All the transitions are splitted in several components attributable to the
nuclear hyperfine interactions of a single 14N nucleus (I=1).                             
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Population coolingsupersonicsupersonic
expansionexpansion

HighHigh interconformerinterconformer barriersbarriers

LowLow interconformerinterconformer barriersbarriers

� 400 cm-
1

ConformerConformer 11

ConformerConformer 22

PreexpansionPreexpansion populationpopulation PostPost--ExpansionExpansion populationpopulation

supersonicsupersonic
expansionexpansion

ConformerConformer relaxationrelaxation

ConformerConformer 22

ConformerConformer 11

SupersonicSupersonic jetsjets: “Missing” conformers: “Missing” conformers SerineSerine: : InterconversionInterconversion barriersbarriers
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SerineSerine: : InterconversionInterconversion barriersbarriers

LowLow interconformerinterconformer barriersbarriers
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IIIαa
� 200 cm-1

∠ NCαC=O

HOH2C

NH2

H
OH

O

angle / degrees

ConformerConformer relaxationrelaxation

missing
conformer

I NH···O=C

II OH···N

Ia

IIbIIa IIc

IIIαa

MP4/6-311++G(d,p)

Ib Ic

IIIβb

450 cm-1 325 cm-1

527 cm-1 0 cm-1 1010 cm-1

848 cm-1

585 cm-1 765 cm-1

IIIα NH···OH

IIIβ NH···OH

IIIβc

IIIαb

IIIβa

IIIαc

Cysteine : Observed Conformers

1.21.2

1.01.0

0.90.9

0.30.3

0.20.2 0.20.2

global global 
minimumminimum

GABA  (ácido γγγγ-aminobutírico)

One of the most important inhibitor neurotransmitters
High concentration in the Central Nervous System

m.p. 195 C

GABA � 324 conformers

GABA  (ácido γγγγ-aminobutírico)

0 cm-1 30 cm-1 129 cm-1 173 cm-1

216 cm-1 423 cm-1 365 cm-1 474 cm-1

506 cm-1 543 cm-1 677 cm-1 709 cm-1

Low energy conformers

MP2/6-311++G(d,p)

GABA  (ácido γγγγ-aminobutírico)

0.03

2.61

-2.64

1670

1835

4129

MP2

2.5532 (30)χbb / MHz

Experimental

54N
2.8σ / kHz

-0.2799 (70)χcc/ MHz

-2.2733 (20)χaa / MHz

[0.0]δK / kHz
0.1020 (74)δJ / kHz
9.14 (30)∆K / kHz
3.80 (16)∆JK / kHz
1.3007 (84)∆J / kHz

1630.69973 (35)C / MHz
1792.83867 (40)B / MHz
4194.96418 (11)A / MHz

30,3←20,2

10238.0 10239.0 10240.0

ν/ MHz

3←2

3←3 2←2

2←1

F’ ← F’’=4 ←3

GABA  (ácido γγγγ-aminobutírico)

intramolecular interactions

n ··· π∗ remote delocalization
Burgi-Dunitz trajectory

NBO analysis

RHF/6-311++G(d,p)
MP2/6-311++G(d,p)
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Glycine···HGlycine···H22OO: Experimental : Experimental setset--upup

14N NQC tensor

Centrif. Distort.

Planar moment

Rotational cons

30N 

3.1s (kHz) 

1.590 (67)χcc (MHz)
1.694 (67)χbb (MHz)

-3.285 (27)χaa (MHz) 

[0.0]dK (kHz)

0.1019 (61)dJ (kHz)

[0.0]DK (kHz)

-1.359 (172)DJK (kHz)

0.4296 (59)DJ (kHz) 

3.19871 (67)Pc (u Å2)

1378.06131 (51)C (MHz)

1613.41327 (71)B (MHz)

8437.979 (149) A (MHz) 

Parent                

Glycine···HGlycine···H22OO: : RotationalRotational spectrumspectrum

8950 8951
νννν / MHz

F’-F’’=3-2

F’-F’’=4-3 30,3-20,2

H  =  HR
(A) +  HQ

Semirigid Rotor      Nuclear Quadrupole Term

Once the transitions from Glycine I 
and II were excluded

nuclear 
quadrupole
hyperfine
components

Relative energy (kJ mol-1)

14N quadrupole coupling tensor

Planar moment

Rotational constants

4.70.0

1.801.88
2.141.69

-3.95-3.57

4.473.26

14041379

16541614

79788440

Conformer
IIIa

Conformer
Ia

Glycine···HGlycine···H22OO: : ExperimentExperiment vs. vs. theorytheory

14N NQC tensor

Centrif. Distort.

Planar moment

Rotational cons

30N 

3.1s (kHz) 

1.590 (67)ccc (MHz)
1.694 (67)cbb (MHz)

-3.285 (27)caa (MHz) 

[0.0]dK (kHz)

0.1019 (61)dJ (kHz)

[0.0]DK (kHz)

-1.359 (172)DJK (kHz)

0.4296 (59)DJ (kHz) 

3.19871 (67)Pc (u Å2)

1378.06131 (51)C (MHz)

1613.41327 (71)B (MHz)

8437.979 (149) A (MHz) 

Parent                

ConformerConformer IaIa

ConformerConformer IIIaIIIa

MP2/6-311++G(d,p)Experiment

Planar moment

14N nuclear quadrupole coupling tensor

Centrifugal distortion constants

Rotational constants

111130N c
1.61.83.1s (kHz) 

1.590 (67)ccc (MHz)
1.694 (67)cbb (MHz)

-3.285 (27)caa (MHz) 

[0.0][0.0][0.0]dK (kHz)

0.0613 (18)0.0777 (56)0.1019 (61)dJ (kHz)

[0.0][0.0][0.0]DK (kHz)

[0.0][0.0]-1.359 (172)DJK (kHz)

0.3634 (47)0.3834 (55)0.4296 (59)DJ (kHz) 

3.20776 (51)3.20301 (51)3.19871 (67)Pc (u Å2)

1293.54511 (39)1352.44092 (45)1378.06131 (51)C (MHz)

1500.69207 (52)1579.66148 (61)1613.41327 (71)B (MHz)

8374.89 (11)8401.068 (109)8437.979 (149) A (MHz) 

15N-glycine
···H2

18O 
15N-glycine

···H2O Parent

Glycine···HGlycine···H22OO: : IsotopicIsotopic speciesspecies

ConformerConformer IaIa

NN

OO

Glycine···HGlycine···H22OO: : StructureStructure

1.806(1) Å

2.073(2) Å

161.8(1)º

126.4(5)º

91.4(7)º

112.4(1)º
140º

•The structure of Glycine-Water retains the preferred conformation I of the
Glycine most stable form, with a cis-carboxylic group and a NH···O=C 
bifurcated intramolecular hydrogen bond

•Binding a single water molecule to Glycine proceeds through the carboxylic group
and gives rise to a closed ring structure with two simultaneous intermolecular 
hydrogen bonds formed between the carbonyl group and one of the hydrogen 
atoms of water (Ow-H···O=C) and between the hydroxyl group and the electron 
lone pair at the oxygen atom of water (Ow···H-O-C).

Video mod.

Stark modulation

MW &
MMW
Spectroscopy

NH3

Townes, Wilson, Gordy

Cleeton & Willians

Time-
domain

Flygare

MB-
FT-MW

Jets

FT-MW

Laser-ablation
MB-FTMW

Solid
compounds

Flygare

MicrowaveMicrowave SpectroscopySpectroscopy: : 
HistoricalHistorical OverviewOverview

LASER ABLATION COMBINED WITH 
MICROWAVE SPECTROSCOPY IN A 
SUPERSONIC JET MAY CONSTITUTES A 
NEW TOOL WHICH CAN BE   BROADLY 
APPLIED TO ROTATIONAL SPECTRA OF 
SOLIDS COMPOUNDS. 
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