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High-Temperature Liquid Chromatography and 
the Hyphenation with Mass Spectrometry Using 

High-Pressure Electrospray Ionization
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Increasing the operating temperature of the liquid chromatography (LC) column has the same e�ect 
as reducing the diameter of the packing particles on minimizing the contribution of C-term in the van 
Deemter equation, �attening the curve of plate height vs. linear velocity in the high-speed region, thus 
allowing a fast LC analysis without the loss of plate count. While the use of smaller particles requires a 
higher pumping pressure, operating the column at higher temperature reduces the pressure due to lower 
liquid viscosity. At present, the adoption of high-temperature LC lags behind the ultra-high-pressure LC. 
Nevertheless, the availability of thermally stable columns has steadily improved and new innovations in 
this area have continued to emerge. �is paper gives a brief review and updates on the recent advances in 
high-temperature liquid chromatography (HTLC). Recent e�orts of hyphenating the capillary HTLC with 
mass spectrometry via a super-atmospheric pressure electrospray ionization is also reported.
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PRINCIPLE OF HIGH-TEMPERATURE LIQUID 
CHROMATOGRAPHY
�e concept and the implementation of high-temperature 

liquid chromatography (HTLC) operated at elevated tem-
perature greater than 100°C has been around since the 
1980s. Early description of the theoretical principle of 
HTLC was given by Antia and Horváth.1) �eir paper 
highlighted the improvement of speed and e�ciency that 
is achievable by operating the liquid chromatography at 
high temperatures and compared it favorably with su-
percritical �uid chromatography. Reviews on the prin-
ciples and implementation of HTLC are given by Greibrokk 
and Andersen (2003),2) Guillarme and Heinisch (2005),3) 
Vanhoenacker and Sandra (2006),4) McNe� et al. (2007),5) 
Teutenberg (2009),6) and Carr et al. (2010).7) Reviews on 
metal oxide-based stationary phases are given by Nawrocki 
et al. (2004),8) and Teutenberg et al. (2009).9) Here we 
update some of the recent developments on this topic. 
Important equations that are useful for the understanding 
and the design of HTLC and the ion source are also listed.

Principle of LC with the partition chromatography
We begin our discussion with the concept of the parti-

tion chromatography developed by Martin and Synge,10) 

which is the origin of modern liquid chromatography. 
Imagine a lineup of a large number of separatory funnels, 
labeled as F1, F2, …FM, each �lled the same volume amount 
of a particular organic solvent. Next, pour the same amount 
of aqueous solvent containing solute A into funnel F1. We 
assume the aqueous and organic solvent are totally immis-
cible and the following “reaction” takes place in the separa-
tory funnel. 

 aq orgA   A   (1)

Based on the solubilities of A in di�erent solvents, there 
is a net transfer of A from the aqueous (aq) phase to the or-
ganic phase (org) until the equilibrium is reached. �e rate 
constant, kR for the forward and the reversed reaction rates 
is a function of temperature in the form of Arrhenius equa-
tion, i.e., 

 = −exp( / )R o ak A E RT   (2) 

where Ea is the activation energy, R is the ideal gas constant, 
T is the absolute temperature, and Ao is a constant, which 
means the reaction can be accelerated by raising the tem-
perature. At equilibrium, the equilibrium constant K for 
this reaction is given by 
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We label this �rst extraction step as n=1, and the frac-
tion of the original amount of A in the mobile aqueous 
phase becomes 1/(1+K), and the fraction in the stationary 
organic phase is K/(1+K). In the next extraction step, i.e., 
n=2, the aqueous phase in F1 is transferred to F2, and F1 is 
replenished with the same amount of fresh aqueous phase 
(without solute). Likewise, in the subsequent step, the aque-
ous phase in Fm (if present) is transferred to Fm+1 and F1 is 
replenished with new mobile phase. Let f be the fraction of 
A in the aqueous phase in funnel Fm during nth extraction 
and it is given by: 

 
−    = ≥      +−     

1 1 , 11

m nn Kf n mK Km
  (4) 

where 
 
  
 

i
l

    is binomial coe�cient, m is the funnel number, n 

is the number of extractions. �is long lineup of separation 
funnels can be thought of as a chromatographic column 
and each funnel is a physical “theoretical plate” in which 
perfect equilibrium between the two phases takes place. To 
emulate the detection for a column with �nite plate number 
M, assume a detector is placed at plate m=M to measure 
the solute fraction in the aqueous mobile phase for every n. 
�e fraction will reach a maximum point at n=npeak, where 
(∂f/∂n)M,K=0. Solve (∂ ln f/∂n)M,K=0 by Stirling approxima-
tion gives 

 ≈ +peak (1 )n M K   (5)

�us, solutes with slightly di�erent K can be separated 
with their fraction peak appears at di�erent n. �e separa-
tion and peak width are determined by the number of theo-
retical plates, M. If we ignore the time required to transfer 
the mobile phase, the overall speed depends on the time 
required to reach the equilibrium at each plate, which can 
be shortened by agitation, using a smaller amount of liquid 
volume, and by increasing the temperature of the system. 
Take note that the chemical equilibrium constant K follows 
Boltzmann distribution and is temperature dependent, i.e.: 

 
 Δ

= −  
 

exp
o

rGK RT    (6) 

where ∆rGo is the standard Gibbs energy of the reaction to 
change A from aqueous to organic phase.
In reality, it is impractical to perform LC with this imagi-

nary apparatus because the operation is tedious and most 
importantly, it cannot achieve su�cient plate count with 
reasonable size. Instead of physical discrete plates, the �rst 
analytical liquid chromatography by Martin and Synge 
employed silica gel as the mechanical support for the sta-
tionary aqueous phase and used chloroform as the mobile 
phase.10) To describe the column behavior, they applied the 
concept of “theoretical plates” in distillation which states 
that even though the equilibrium between the two phases 
is not established at any point, the column can be thought 
to be divided into a number of layers, each is equivalent to 
one “theoretical plate.” �e plate height is de�ned as the 
thickness of that layer such that “solute concentration in the 

mobile phase leaving the layer is in equilibrium with the 
mean solute concentration in the stationary phase within 
the boundary of that layer.”10) �e success of partition chro-
matography gives birth to the paper and thin layer chroma-
tography, and the modern gas and liquid chromatography. 
Historically, the “normal” con�guration employed organic 
(hydrophobic) mobile phase, and aqueous (polar) stationary 
phase. Nowadays, the opposite con�guration, the reversed 
phase chromatography with a hydrophobic stationary phase 
and a hydrophilic mobile phase is more widely used for gen-
eral analytical applications.

van Deemter equation
For a given length of the column, the smaller the plate 

height, the higher the number of “theoretical plate” for the 
use of separation. �e plate height depends on di�usion 
and the �ow rate of the mobile phase. Taking into account 
of the eddy di�usion, longitudinal di�usion, mass transfer 
of solute in the mobile phase and in the stationary phase, 
the performance of columns is described in term of plate 
height and linear velocity by van Deemter,11) and in term of 
reduced plate height and reduced velocity by Knox.12)

Here we use the van Deemter equation for our discussion 
on the temperature e�ects, and the plate height, H is given 
by 

 = + + BH A Cuu   (7) 

where u is the linear velocity. �e A-term is a parameter 
owing to the eddy di�usion caused by the multi-channeling 
through the packings. B-term is related to the axial di�u-
sion and is proportional to the di�usivity coe�cient of sol-
ute in the mobile phase, Dm: 

 ∝ mB D   (8) 

C-term is related to mass transfer and the �nite time re-
quired to establish solute distribution in both phases and 
is proportional to the square of particle size and inversely 
proportional to Dm, i.e.: 

 ∝
2
p

m

d
C D   (9) 

where dp is the average diameter of the particles. �e plot 
of plate height vs. linear velocity using non-zero A, B, and 
C shows a pattern like “し” in the Hiragana. Solve dH/du=0 
results in an optimum velocity: 

 = /pu B C    (10) 

at which the plate height, H is minimal. As indicated by 
Eqs. (8) and (9), the di�usion coe�cient is an important pa-
rameter in modeling the performance of LC.
For the di�usion of spheres through a viscous �uid, the 

Stokes–Einstein equation gives 

 
πη= B 6m
k TD r    (11) 

where kB is Boltzmann constant, T is the absolute tem-
perature, η is dynamic viscosity, and r is the radius of the 
sphere. To �t the experimental results of organic solvents 
and solutes, a number of correlations are also available for 
estimating di�usion coe�cient for dilute solutions.13,14) 
A widely used empirical equation is the one by Wilke–
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Chang14): 

 −= ×
1/2

8
0.6

( )7.4 10m
m

xM TD
Vη

   (12) 

where M is the molecular weight in g/mol, η is dynamic vis-
cosity in cP, T is the absolute temperature in K, Vm is molar 
volume in mL/mol, and x is solvent association factor. For 
water, x=2.6, and for nonassociated solvent, x=1. Substitute 
B∝(T/η) and C∝(ηd2

p/T) into Eq. (10) yields 

 ∝ 2p
p

Tu
dη

  (13)

For a given particle diameter, the increase of tempera-
ture shi�s the optimum velocity to a larger value. Note that 
viscosity is also a function of temperature and for liquid, it 
generally gets smaller with the increase of temperature.

At u greater than up, the gradient dH/du≈C and is pro-
portional to ηdp2/T. �at is, by increasing the temperature, 
dH/du becomes smaller. In other words, van Deemter curve 
in u>up region becomes �attened, which means the HTLC 
can be operated at high mobile phase velocity without 
sacri�cing the plate height. It is noted that decreasing the 
diameter of the particles dp has a similar e�ect as that of in-
creasing the temperature and that is the basis for improved 
performance of the ultrahigh pressure LC with sub-2 µm 
particle column.15) Giddings pointed out that the analytical 
speed of GC is generally higher than a room temperature 
LC due to the large di�usivity of gases.16) Carr et al. re-
marked that the improvement in di�usivity of liquid at el-
evated temperature can make the analytical speed of liquid 
chromatography on par with GC.7)

Open tubular column chromatography
�e A-term in the van Deemter equations is the result of 

the eddy di�usion, i.e., multipath introduced by the pack-
ings when the molecule travels through the column. For an 
open tubular column which has only one pathway, the eddy 
di�usion, hence the A-term diminishes, leading to Golay 
equation: 

 = + BH Cuu    (14)

For this reason, modern GC uses open tubular rather 
than packed columns. �e characteristic time for the sol-
ute at the center of the column to di�use to the stationary 
phase on the wall is proportional to r2/Dm, where r is the ra-
dius of the column. Di�usion in the liquid is much smaller 
compared to gas, thus, for open tubular columns to be used 
in LC, the inner diameter needs to be much smaller to 
achieve the equivalent e�ect in GC column. Recent reports 
used a narrow open tubular capillary with a diameter of 
2 µm.17,18) �ere were also e�orts to increase the di�usion 
coe�cient by operating the open tubular liquid chromatog-
raphy (OT-LC) at elevated temperature to achieve the equiv-
alent e�ciency of narrow capillaries.19) Coupling of high-
temperature OT-LC to MS via APCI was also reported.20)

van’t Ho� plot
�e retention factor, k is de�ned as (Vr−Vo)/Vo, where Vr 

and Vo are retention volumes of the retained solute and of 
an unretained “inert” reference. Under a constant �ow rate 
operation, the retention factor is equivalent to the ratio of 

adjusted retention time of a retained peak to the time it 
takes for an unretained peak to travel through the column. 
�e volume (Vr−Vo) equals the total volume of eluent needed 
to dissolve the solute, VE, i.e., k=VE/Vo. Under an isocratic 
condition, in which solvent composition remains constant 
throughout the elution, the equilibrium coe�cient K equals 
VE/Vs, where Vs is the volume of the stationary phase. Since 
Vo is the volume of mobile phase within the column, the 
retention factor k is connected to the thermodynamic equi-
librium constant K by 

 = Φk K   (15) 

where Φ is column phase ratio which is the ratio between 
the volumes of the stationary phase and the mobile phase. 
Φ is independent of analytes and is usually treated as con-
stant during the analysis of LC performance. From Eqs. (6) 
and (15), we have: 

 Δ
= − +ln lnΦ

o
rGk RT    (16) 

or using thermodynamic relationship G=H−TS, the loga-
rithm of retention factor is given by 

 =− + +
Δ Δln   lnΦ

o o
r rH Sk RT R    (17) 

where ∆rHo and ∆rSo are the standard enthalpy and entropy 
of the reaction for the retention, i.e., for the transfer of a 
solute from mobile phase to the stationary phase.

For a given solute, the retention factor, or the retention 
time decreases with temperature. �eoretically, a plot of 
ln k vs. 1/T yields a straight line and the gradient gives the 
standard enthalpy. Examples of linear curves for HTLC can 
be found in Horváth (30–150°C),21) Shen (150–200°C),22) 
and Scott Kephart (90–370°C).23) Nevertheless, non-linear 
van’t Ho� curve is also not unusual. Examples can be found 
in polymer column (150°C),24) and hydrophobic interaction 
chromatography.25) �e mechanism of non-linear response 
is still subjected to continued investigation. Horváth intro-
duced a temperature dependent enthalpy by adding a 1/T 2 
term to the van’t Ho� equation. �ere are also reports that 
evaluated the in�uence of the change in phase ratio (if there 
is any, due to the change of solvent composition, and tem-
perature) to the non-linearity of van’t Ho� plot.26,27)
For the reversed-phase LC, there are three basic models 

for the retention mechanism: i) partitioning model in which 
solutes fully embed themselves into the bonded phase, ii) 
solvophobic,28) and iii) adsorption model in which solutes 
are adsorbed only at the bonded phase/solvent interface. 
�e actual retention process is circumstantial and it de-
pends on the solutes, condition of the bonded phase (den-
sity, etc.) and the organic content of the mobile phase.29–31) 
Recently, molecular simulations showed that the details of 
separation is indeed complicated and involved both parti-
tioning and adsorption process.32)

Solvent viscosity and the upper limit of linear ve-
locity
Besides being involved in the mechanism of di�usion 

and retention properties, viscosity is a key factor that set 
the upper limit for the available linear velocity of the mobile 
phase and hence the maximum speed of the analysis. Under 
a laminar �ow regime, the volumetric �ow rate, Q for an in-
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compressible �uid across a circular tube is given by Hagen–
Poiseuille equation: 

 = Δ
4

8
rQ PL

π
η    (18) 

where r is the tube radius, L is the tube length, η is the 
dynamic viscosity of the �uid, and ∆P is the pressure dif-
ference across the tube. Equation (18) is useful to estimate 
the pressure across the tube line in the LC system and the 
required radius for the design of �ow restrictor. Figure 1 
shows the implementation of HTLC using a 50 µm i.d. fused 
silica tube as a restrictor for a commercial ESI ion source. 
In most cases, the largest pressure drop takes place across 
the analytical column. �e �ow rate through the porous 
medium like LC column and porous rock is given by Darcy 
law: 

 = Δp sk A
Q PLη    (19) 

where kp here is the permeability, and As is the sectional 
cross area of the �ow channel. For the column packed with 
spherical particles, the �ow rate can be estimated using the 
Kozeny–Carman equation: 

 =
−

2 3

2 Δ180 (1 )
p sd A

Q PLη



   (20) 

where ϵ is the porosity i.e., the volume of voids divided by 
the total volume, dp is the diameter of the particle. �e po-
rosity of packed columns is typically ∼0.4.33)
For a given column, viscosity determines the maximum 

volumetric �ow rate that can be delivered by a particular 
liquid pump. �ere exist a number of equations for the 
viscosity–temperature relationship. A widely used equation 
is Vogel equation: 

  
= + + 
exp BA T Cη    (21) 

where A, B, C are constants and T is the temperature in K. 
For viscosity in mPa·s or cP, Dortmund Data Bank gives 
A=−3.72, B=578.92, C=−137.55 for water. For acetonitrile, 
A=−3.16, B=459.98, C=−78.36.34) For a binary solvent mix-
ture, Grunberg–Nissan method can be used and the viscos-

ity is given by35) 

 = + +1 1 2 2 1 2 12ln ln ln   lnx x x x Gη η η    (22) 

where x1 and x2 are the mole fractions, and η1, η2 are vis-
cosities for solvents 1 and 2. G12 is an interaction parameter 
which depends on the temperature and solvent components. 
For water/acetonitrile mixture, G12=exp(−1.762+929/T), for 
η in mPa·s.36) Generally, the viscosity of liquid decreases 
with the increase of temperature. For example, the viscosity 
of water at 100°C is 0.28 times its value at 20°C.37) For 50% 
v/v acetonitrile–water mixture, even a mild temperature 
at 60°C reduces the viscosity to half of its value at 20°C.38) 
For organic/water solvent, the viscosity also increases with 
pressure.39) HPLC liquid pump for column with particle di-
ameter greater 2 µm usually has an upper limit for pressure 
at around 50 MPa. For particle diameter smaller or equals 
2 µm, it needs the liquid pump that can withstand a back-
pressure up to 100 MPa. For a given pumping pressure, the 
reduction in eluent viscosity at elevated temperature allows 
one to operate the LC at a higher �ow rate, or to use either 
longer columns or columns packed with smaller particles.

IMPLEMENTATION OF HTLC
Column materials
HTLC cannot be implemented without suitable column 

materials. Modern LC columns use silica as the packing 
materials and the stationary phases are chemically bonded 
on the silica surface. �ese columns are not intended for 
the operation at elevated temperature. �e operating guides 
usually recommend an upper limit at 80°C. Pure silica has 
inherent instability at pH >7–8 and higher dissolution rates 
in aqueous medium at elevated temperatures. Stabilized 
silicas such as hybrid inorganic–organic particles have been 
developed to address these problems. Teutenberg et al. con-
ducted a thermal durability test at 150°C on a number com-
mercial silica-based reverse phase columns and shortlisted 
a few candidates for high-temperature operation.9) XBridge 
C-18 was found to have the highest thermal resistant fol-
lowed by Gemini NX C18. �ese columns utilize ethylene 
bridge to stabilize the silica-matrix which are e�ective to 
enhance their stability at high temperature.

One alternative to silica for high-temperature applica-
tion is zirconia.40,41) Zirconia bonded with polybutadiene 
(PBD) was reported to be equivalent to Octadecyl-silica 
(ODS, silica-C18 phase). Compared to silica, these particles 
are also stable under harsh pH conditions and have become 
commercially available recently. An extreme operating con-
dition up to 300°C had been reported by Scott Kephart.23) 
Using zirconia-based particles, the potential of HTLC for 
sub-minute analysis had been demonstrated by Carr group 
by �owing the eluent at 15 mL/min through a 50 mm long 
column with 4.6 mm inner diameter kept at 150°C.36)
Another commercially available heat resistive column 

is based on porous graphitic carbon (PGC). �e column 
packed with 100% porous graphitic carbon is free of col-
umn bleeding (the elution of stationary phase) because 
these particles have no bonded phases. However, unlike 
the retention mechanism of the standard hydrophobic 
phases, the retention is due to the dispersive and charge 
induced interaction with the graphite surface.42) �us, the 
optimization of solvent composition and the selectivity can 

Fig. 1. Implementation of HTLC using a conventional atmospheric 
pressure ESI source for >100 µL/min operation. �e heated 
column is connected to the ESI source via a fused silica capil-
lary with 50 µm inner diameter that serves as a �ow restric-
tor.



HIgH-TemPerature LIquID CHromatograPHY anD tHe HYPHenatIon wItH Mass SPectrometrY UsIng HIgH-Pressure ELectrosPraY IonIzatIon Vol. 8 (2019), S0079 

 Page 5 of 13

be di�erent from that of C-18 column.43) Besides hydro-
phobic compounds, PGC also retains polar compounds. 
A recent review on PGC stationary phase is given by West 
& Lafosse.44) It is recently reported that modulation of the 
mobile-stationary phase of the carbon column increased its 
reproducibility and prevented the loss of retention.45)

Causon et al. used a polymeric monolithic column with 
pure water as eluent for the separation of n-alcohol up to 
200°C.46) �e polymer material was poly(divinylbenzene). 
Commercial polymer column poly(styrene-co-divinylben-
zene) was also used for the high-speed separation of pro-
teins at a temperature as high as 140°C without protein 
degradation.47) �e �nding was attributed to the short resi-
dence time proteins stayed within the heated column. �e 
descriptions of these columns are summarized in Table 1.

Column heater and heat-exchanger
Even not at the elevated temperature (>80°C), maintain-

ing a constant temperature is needed to ensure the repro-
ducibility of the analysis because the retention factor is a 
function of temperature. It is common to keep the column 
at a temperature above room temperature, e.g., 40–60°C us-
ing an electric oven. Cryogenic operation was also reported 
to promote the retention of proteins.48) For a typical column 
size with an inner diameter >2 mm, the mobile phase needs 
to be pre-heated before entering the column in order to 
achieve maximum e�ciency.49) Mismatching of the tem-
peratures between the liquid and the column inner surface 
causes radial and axial temperature gradient which results 
in the broadening of chromatographic peaks.50) In GC, the 
eluent gas is heated by forced convection of hot air bath. 
Liquids have much greater speci�c heat capacity than gas, 
thus heating the LC column using air bath is not e�cient 
particularly at high eluent �ow rate. An oil bath was used 
by Yan et al.36) In their system, two separate heat exchang-
ers were used to optimize the heating e�ciency. One was a 
long heated tube (2.5 m) with a wider bore (i.d.: 0.03 in, o.d.: 
1/16 in) for the eluent �owed at >10 mL/min. Another was a 
shorter tube (10 cm) with a smaller inner diameter (0.004 in 
i.d., 1/16 in o.d.) for the sample at 1 mL/min.
In our system, the capillary column and the optional 

preheating tube were embedded within an aluminum block 
heated with two cartridge heaters and the gaps were �lled 
with zinc-oxide based thermal grease (Fig. 2). For a circular 
heated tube with its �ow axis at z-axis, we assume the liquid 
temperature is homogeneous radially and is a function of 
z, i.e., it increases along the �ow axis. In �uids, convection 
dominates the heat transfer. Assume the inner wall temper-
ature of the heated tube is constant, the heat transfer rate 
for an in�nitesimal tube length dz is thus: 

 = −d 2 ( )do wq r h T T zπ    (23) 

where ro is the inner radius of the tube, Tw is constant inner 
wall temperature, h is the heat transfer coe�cient and T 
is the liquid temperature along the z-axis. For a fully de-
veloped laminar �ow, convective heat transfer depends on 
the diameter of the tube and is given as h=kFNu/D, where 
kF is thermal conductivity of the �uid, D is tube diameter 
and Nu is the Nusselt number. Nu=4.36 for constant sur-
face heat �ux. For water, kF is around 0.6 Wm−1K−1 at room 
temperature, thus h is approximately 26160 Wm−2K−1 for a 
narrow tube with 0.1 mm i.d. On the other hand, the heat 
transfer rate to raise the temperature of a �owing liquid is: 

 = d dpq mc T    (24) 

where ṁ is mass �ow rate, and cp is the speci�c heat coef-
�cient of the �uid. Equate Eqs. (23) and (24) and solve the 
di�erential equation for T, we have: 

  −
= −  −  

2

1

2expw o

w p

T T r h LT T mc
π    (25) 

or in term of �ow velocity: 

 
 −

= −  −  
2

1

2expw

w p o

T T h LT T c r uρ    (26) 

where T1 and T2 are the liquid temperatures at the inlet 
and outlet of the heated tube, L is the length of the heated 
tube, ρ is the density of the �uid, and u is the linear veloc-

Table 1. Selected commercial columns.

Column Manufacturer Material
Tested  

temperature

XBridge C-18a Waters Organo-silica hybrid 150°C9)

Gemini NX C18a Phenomenex Organo-silica hybrid 150°C9)

ZirChrom-PBDb ZirChrom Zirconia 300°C23)

Hypercarbb �ermo Fisher Scienti�c Porous Graphitic Carbon 200°C42)

ProSwi�c �ermo Fisher Scienti�c (formerly Dionex) Polymeric monolithic 150°C47)

a Long-term durability not tested.  
b Well known thermal resistive column.  
c Operating temperature limited by the PEEK housing. PEEK has a glass transition temperature at 143°C.

Fig. 2. Custom made heater block for the analytical column. �e 
heat block is made of aluminum. �e gap between the col-
umn and the heat block is �lled with thermally conductive 
grease. �e heat block is heated with two cartridge heaters.



HIgH-TemPerature LIquID CHromatograPHY anD tHe HYPHenatIon wItH Mass SPectrometrY UsIng HIgH-Pressure ELectrosPraY IonIzatIon Vol. 8 (2019), S0079 

 Page 6 of 13

ity of the �uid. For a given �uid velocity, the design criteria 
are to keep Tw−T2 under a certain value. Let’s say we are to 
operate the heat exchanger for water under the following 
conditions: T1=25°C, T2=195°C, Tw=200°C, ro=0.05 mm, 
liquid �ow rate=10 µL/min. �e linear velocity is 21 mm/s, 
and the minimum required length, L for the heated tube is 
0.3 mm. �e small value of required length means that ad-
ditional pre-heating loop for the eluent is unnecessary for 
low �ow rate operation in the capillary LC, and the eluent 
is rapidly heated when it enters the heated column connec-
tor. �e same also applies to chip-based HTLC with narrow 
columns.51)

Capillary HTLC
Capillary LC employs narrow-bore column in the form 

of a packed column or monolithic column. �e inner diam-
eter is less than 0.5 mm, and the �ow rate is in the order of 
µL/min compared to the mL/min for the column with i.d. 
>2 mm, �e linear velocity at 10 µL/min through a 0.1 mm 
i.d. capillary LC is equivalent to �owing a mobile phase at 
20 mL/min through a standard 4.6 mm i.d. column. As dis-
cussed in the heat exchanger section, the low mass �ow rate 
in capillary LC columns allows rapid heating of the mobile 
phase, therefore a pre-heating process is not needed for 
their operation at high temperature. Column heater alone is 
enough for capillary HTLC.
Temperature programmed HT-capillary LC was dem-

onstrated by Trones et al. using a capillary column which 
was packed with reversed phase material (Octadecyl-silica, 
ODS) using supercritical carbon dioxide as the slurry �u-
id.52) As shown in Eq. (17), changing the temperature alters 
the analyte retention factor, thus produce a similar e�ect of 
changing the solvent gradient. For the chip-based HTLC, it 
was easier to improve the separation of the analytes using 
temperature gradient compared to the solvent gradient.53) A 
high-speed separation using chip-based HTLC employing 
rapid heating up to 200°C and forced convection cooling 
was also reported.51) Using polymeric monolithic capillary 
column, HTLC with pure water as a mobile phase has also 
been performed for the separation of n-alcohols at 200°C.46)

Detectors
UV detector
�e common detection method for HTLC is UV detec-

tion. UV detector with a back-pressure regulator was used 
to prevent the boiling and the rapid evaporation of the mo-
bile phase when it exits the column.36) �e hot eluent from 
the column outlet also needs to be cooled to a temperature 
that is safe for the UV detector.
Flame ionization detection etc.
Flame ionization detectors are used widely in GC for the 

detection of organic substances. It is not coupled directly to 
LC because the �ammable organic solvent would produce 
too many ions that saturate the detection system. Coupling 
of FID to LC thus far involved an intermediate or transfer 
stage that used moving belt, wire, or chain to removes the 
organic solvent �rst before feeding to the FID detector.54) 
For HTLC that uses pure water (without organic content) 
as the mobile phase, FID had been coupled to the FID di-
rectly.23,55) For compounds that do not absorb UV light, 
other detection methods such as evaporative light scattering 
detection (ELSD),56) nuclear magnetic resonance (NMR),57) 

Fourier transform infrared spectroscopy (FTIR),58) and IR 
absorbance and scattering detectors are also available.59)
Mass spectrometry
�e coupling of HTLC to MS had been performed us-

ing pneumatically-assisted ESI or APCI at >100 µL/min 
and with the use of �ow restrictors of 50–64 µm.42,60) One 
such con�guration is shown in Fig. 1. �e pressure drop 
across the �ow restrictor (owing to the Hagen–Poiseuille 
law) under the �ow regime of several hundreds of µL/min 
was enough to provide a back pressure to the column to 
avoid the boiling of eluent. Although the conventional �ow 
regime LC-MS is in the order of several hundred µL/min, 
the e�ciency of ESI and its tolerance to contaminants is 
higher under lower liquid �ow rate.61–63) Spraying samples 
sparingly at a few µL/min or less is ironically more sensitive 
than introducing a large amount of sample in a short time. 
Although �ow splitters can be used to divert the extra elu-
ent to waste, it would be economical and more sensitive to 
employ µL/min �ow rate for the whole LC and ESI system 
to reduce the sample and solvent consumption and matrix 
e�ects.64,65) Technically, low �ow rate HTLC can be coupled 
to micro or nanoESI via a �ow restrictor but the back pres-
sure generated by restrictor depends on the viscosity and 
varies with the liquid �ow rate. Under the �ow regime of 
several tens or several µL/min and with the reduced viscos-
ity at high temperature, the pressure drop across the restric-
tor may be insu�cient for elevated temperature (>120°C) 
operation. �e addition of a restrictor and cooling loop also 
introduces an additional dead volume to the system that 
causes the post-column broadening. To address this issue, 
direct coupling of capillary HTLC to ESI was performed in 
our laboratory using a high-pressure ion source.66)

HYPHENATION OF HTLC WITH ESI-MS
High pressure (>1 atm) electrospray

�e onset potential to initiate electrospray, VES is propor-
tional to the square root of surface tension γ of the liquid: 

 ∝ESV γ    (27)

�e choice of solvent thus has a great e�ect on VES be-
cause the value of surface tension varies signi�cantly from 
one liquid to another. For example, the surface tension for 
methanol is 22.7 mN/m at room temperature, whereas, for 
water, it is 72.8 mN/m; thus, VES for water is nearly double 
that for methanol. Without pneumatic assistance, a pure 
aqueous solution is notoriously di�cult to spray because 
it requires a higher potential to overcome the surface ten-
sion, and the gaseous break down that leads to the arcing 
or unwanted corona discharge can take place �rst before 
the onset of stable electrospray. �e breakdown voltage 
between electrodes in a gas is a function of the product of 
the distance and the pressure. �e threshold potential for 
breakdown, VB for two wide and �at electrodes is given by 
Paschen law as 

 =
− +  ln ln ln(1 1/ )B

SE

PdV
Pd

β
α γ

   (28) 

where P is pressure, d is the distance between the elec-
trodes, α and β are constants, and γSE is the secondary 
electron emission coe�cient. VES for electrospray is not 
a�ected by gas pressure over the range of vacuum to 
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2 MPa (∼20 atm). On the other hand, VB increases sig-
ni�cantly with the gas pressure surrounding the electrodes. 
Increasing the ESI operating pressure, therefore, can shi� 
VB to a value larger than VES, allowing a stable electrospray 
of large surface tension liquid such as pure water without 
discharge. Applying this principle, the high-pressure ESI 
(HPESI) source with an operating pressure greater than 
1 atm has been developed in our laboratory to prevent the 
unwanted electrical discharge when dealing with pure wa-
ter solution and to increase the desolvation e�ciency.67–70) 
Under a moderate pressure of <0.7 MPa, direct coupling 
to mass spectrometer can be performed with a modi�ed 
ion transfer tube without the addition of extra pumping. 
Compared to a solution prepared in organic solvents, ion 
abundance of hydrophobic contaminants was reduced and 
much cleaner spectrum could be obtained using pure aque-
ous solution.68)
Raising the liquid temperature under atmospheric pres-

sure is limited by its normal boiling temperature, e.g., 100°C 
for water. Excluding the e�ect of superheating, the boiling 
of liquids takes place when the vapor pressure reaches the 
ambient pressure, so the boiling point for a given ambient 
pressure can also be estimated from the vapor pressure–
temperature relationship. �e correlation of vapor pressure 
and the temperature is described with good accuracy by the 
Antoine equation: 

 = −
+10log vap
BP A C t    (29) 

where Pvap is vapor pressure in mmHg, and t is temperature 
in °C. �e constants A, B, and C for a variety of organic 
and inorganic solvents are given in literature.71) For water, 
the Dortmund Data Bank gives A=8.14019, B=1810.94, 
C=244.485 for t ranging from 99 to 374°C.34) �e boiling 
point of a particular liquid can be raised by compressing 
the liquid container.
Using a super-atmospheric pressure ESI source, we have 

previously demonstrated a stable electrospray of solu-
tions with the liquid temperature at 220°C under 2.2 MPa 
(∼22 atm).72) Figure 3 shows the electrospray of water under 
di�erent pressures and temperatures. Under atmospheric 
pressure, the electrospray of pure water was unstable ow-
ing to corona discharge. However, the formation of a water 
droplet at the ESI emitter could be observed up to ∼100°C 
under a liquid �ow rate of 4 L/min with occasional bump-
ing and bursting of the bulk droplet. When the emitter 
temperature was set to 140°C, the water droplet disappeared 
due to the complete evaporation (Fig. 3a). �e electrospray 
emerged from the emitter tip (Fig. 3b) a�er pressurizing 
the ion source to 6 atm with compressed air. Under 2.7 MPa 
(∼27 atm), the boiling point of water was approximately 
228°C and the observed electrospray was stable up to 220°C 
(Fig. 3c). For the HTLC column that was connected directly 
to a high-pressure ESI source, the column could be oper-
ated up 160°C under a moderate pressure of 0.7 MPa.66)
Construction of high-pressure ion source of 
HTLC

�e schematic of the high-pressure ESI source for high-
temperature applications was shown in Fig. 4. �e pho-
tograph of the constructed ion source is shown in Fig. 5. 
�e ESI emitter (stainless steel capillary of 0.1 mm i.d. and 
0.2 mm o.d. from Nilaco, Tokyo, Japan) was housed inside 

an ion source chamber made of aluminum alloy. To keep 
the ESI emitter at a constant temperature, the ESI capillary 
was embedded within a copper heater block with tempera-
ture control. �e ion source was pressurized with air from 
an air compressor and the ion source pressure could be 
varied depending on the column temperature. �e maxi-
mum pressure was 0.7 MPa (absolute pressure). HTLC was 
coupled directly to the HPESI without using �ow restrictor 
and post-column cooling. Under a super-atmospheric pres-
sure operation, the ion source itself functioned as the pres-
sure regulator to the LC system to prevent the liquid from 
boiling within the column.
Coupling of ion source to mass spectrometer
We have adopted a number of strategies to couple high-

pressure ion sources to commercial mass spectrometers 
depending on the objective, and the required gas through-
put of the experiments. �e details are discussed in our 
previous reports.73–75) In the recent experiment with HTLC, 
a homemade ion transfer tube with 0.25 mm inner diameter 
was used to sample the generated ions inside the high-pres-
sure vessel.66)

Capillary HTLC-HPESI MS using subcritical wa-
ter as mobile phase
Under the �ow rate of several to several tens µL/min, 

the liquid was in good thermal equilibrium with the emit-
ter capillary. Under 1 atm, the spray became unstable at 
100°C emitter temperature and the bumping or bursting 
of liquid took place. Even by cooling down ion source, the 
boiling of eluent within the heated column still occurred if 

Fig. 3. Photograph of electrospray di�erent pressures and emitter 
temperatures. (a) 1 atm and 140°C, (b) 6 atm and 140°C, and 
(c) 27 atm and 220°C. �e solution is pure water and the �ow 
rate is 4 µL/min. No electrospray can be seen in (a) because of 
the complete evaporation of water. Reproduced with permis-
sion from J. Mass Spectrom. (2016), 51, 396–411.73)
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the backpressure was insu�cient. In Fig. 6, the ion source 
was placed under atmospheric pressure and at room tem-
perature while the column temperature was kept at 100°C. 
�e bubbles owing to the cavitation of the eluent within the 
column can be seen emerging from ESI capillary into the 
liquid cone at the emitter tip. �e bubbling eased when the 
ion source was pressurized with nitrogen or air.
To prevent the boiling, the conventional strategy to 

couple the HTLC to ESI-MS is to add a �ow restrictor and a 
post-column cooler between them. While such an arrange-
ment is suitable for >100 µL/min operation, the �ow restric-
tion is not appreciable for low �ow rate and high-tempera-
ture operation and it introduces unnecessary dead volume 
to the system. For low �ow rate operation, high-pressure 
ESI is a straightforward remedy to this problem. Pre-
heating the eluent for the capillary column was unnecessary 
and removing the preheater capillary had actually reduced 
the dead time and pre-column dispersion.
For the liquid like water, the dielectric constant (polarity) 

also decreases with temperature,76,77) and at elevated tem-
perature, water behaves as if it is an organic solvent.78) In 
LC, a change of column temperature has an equivalent ef-
fect of a change in acetonitrile concentration on retention.21) 
�is forms the basis for temperature programming as an 
alternative to gradient elution. A recent analysis showed 
that even for an isothermal operation, it was advantageous 
to set the temperature to the highest possible value that can 

be tolerated by the instrument and analytes to optimize the 
peak capacity.79)
Besides high throughput analysis, HTLC using super-

heated water has also emerged as a promising green LC 
method.55,23,80) However, the elution strength of the subcriti-
cal water, though is much higher than that at room tem-
perature, is still smaller than those of organic solvents. In 
practice, the elution using pure water for hydrophobic com-
pounds takes a relatively long time to complete or needs to 
be operated at much higher �ow rates using a conventional 
size column. �e use of capillary column allows a high lin-
ear velocity while keeping the volumetric �ow rate low.

Figure 7 shows the subcritical water HTLC-HPESI MS 
of four sulfa drugs using a capillary column (10 cm long, 
i.d. 0.1 mm) with 5 µm porous graphitic carbon particles 
(�ermo Scienti�c) under isocratic conditions.66) Pure wa-
ter was used as the mobile phase and the �ow rate was set 
to 10 µL/min. At this �ow rate and with the column of 
0.1 mm in inner diameter, the linear velocity (∼21 mm/s) of 
the mobile phase was equivalent to that with a �ow rate of 
approximately 21 mL/min for a 4.6 mm column. �e mini-
mum temperature of the column was approximately 80°C 
in order to operate the LC system below 25 MPa. At 80°C, 
one of the compounds, sulfamonomethoxine was strongly 
retained and could not be eluted even with over one-hour 
elution time. Under an isothermal operation of 150°C, 
sulfathiazole (2), and sulfamerazine (3) were both eluted in 

Fig. 6. Photograph showing the appearance of bubbles from the ESI 
capillary. �e ESI is at near room temperature while the col-
umn is kept at 100°C. �e cavitation stops when the ambient 
around the ESI emitter is pressurized to >1 atm.

Fig. 4. Schematic of the hyphenation of high-temperature capillary LC with high-pressure ESI-MS. �e ion source is pressurized with air from a 
compressor. �e fused silica tube from the injector is connected directly to the analytical column.

Fig. 5. Photograph showing the con�guration of the HTLC- 
HPESI-MS using a capillary column (10 cm×0.1 mm i.d). �e 
preheater is not in use. �e column is embedded within the 
aluminum block.
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less than 1.5 min, and could not be well resolved owing to 
the limited theoretical plate number of the column and the 
post column dispersion which had not yet been minimized. 
Temperature gradient strategy was employed to improve the 
separation of (2) and (3) by ramping the column tempera-
ture from 120 to 150°C at 12°C/min. �e system pressure 
for 10 µL/min pure water �ow rate at a column temperature 
of 150°C was 13 MPa, thus the further reduction in particle 
size or column i.d. is still possible.
Operating the ESI at low volumetric �ow rate can re-

duce the e�ect of ion suppression due to matrix e�ect and 
enhanced sensitivity owing to small precursor charged 
droplets. Compare to the large-bore column, capillary al-
lows smaller amounts of sample to be detected with high 
sensitivity with ESI. One example is shown in Fig. 8 for the 
detection of 100 fmol methamphetamines prepared in di-
luted raw urine. �e methamphetamine doped urine sample 
was injected directly without additional clean-up and the 
mobile phase used in this measurement was 9% (w/w) ace-
tonitrile aqueous solution and the �ow rate was 10 µL/min. 
�e detection of the same amount sample using a standard 
pneumatically assisted ESI (as shown in Fig. 1) under atmo-
spheric pressure is accompanied in Fig. 8b. To prevent the 

boiling of eluent, a �ow restrictor of 50 µm i.d. was placed 
in between the column and ESI source and a �ow rate of 
over hundred µL/min solution was necessary to create the 
su�cient back pressure to the column. Column preheater 
was also required in that operation. For a 1 mm i.d. column, 
the �ow rate of 400 µL/min to obtain equivalent speed and 
retention time to that of capillary LC in Fig. 8a. �e results 
clearly show the advantage of micro�ow capillary LC-MS in 
dealing with a small amount of sample.

FUTURE PROSPECT AND CONCLUSION
�ermally assisted non-enzymatic digestion

�ermally assisted non-enzymatic digestion of protein 
was observed in the 1950s when aspartic acid was preferen-
tially released much sooner than other amino acids during 
the hydrolysis of proteins in diluted organic acids at boiling 
temperatures.81,82) �e phenomenon of selective cleavage 
of proteins at either or both sides of the aspartate residues 
(Asp, D), was believed to involve the ring closure between 
the carboxyl group of the aspartic acid and the adjacent car-
bonyl group in either direction.81) �e opening of the �ve-
membered ring by H2O cleaves the polypeptide backbone 

Fig. 7. Chromatograms obtained using pure water as the mobile 
phase at di�erent column temperatures. Peaks are 1: sulfa-
guanidine, 2: sulfathiazole, 3: sulfamerazine, 4: sulfamono-
methoxine. a) 80°C, b) 120°C, and c) temperature gradient 
from 120 to 150°C at 12°C/min. �e �ow rate of pure water is 
10 µL/min. Reproduced with permission from Analyst (2018), 
143, 5552–5558.66)

Fig. 8. Detection of 100 fmol methamphetamines in diluted raw 
urine by a) high-temperature capillary LC-MS (column i.d.: 
0.1 mm) using HPESI under an operating pressure of 0.4 MPa, 
and b) high-temperature LC-MS (column i.d.: 1 mm) us-
ing pneumatically assisted ESI under atmospheric pressure. 
Column temperatures: 140°C, mobile phase: 9% (w/w) ace-
tonitrile aqueous solution, solution �ow rates: 10 µL/min for 
HPESI (a) and 400 µL/min for pneumatically assisted ESI (b). 
Insets show the EIC for the protonated methamphetamine. 
Reproduced with permission from Analyst (2018), 143, 
5552–5558.66)
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on the C-terminal side, whereas the opening of the six-
membered ring results in the cleavage on the N-terminal 
side of aspartate. Unlike enzymes, which cannot withstand 
high temperature, acidic hydrolysis can be accelerated by 
heating the liquid to >100°C and the non-enzymatic diges-
tion acidic hydrolysis is gaining increasing attention for the 
bottom-up proteomics. Li et al. heated the diluted formic 
acid solution containing proteins to 108°C for 1–2 h and 
analyzed the digested products using mass spectrometry.83) 
�e digestion process had also been performed using a 
microwave oven to provide uniform heating to the polar 
solvent.84–86) �e digestion process that typically requires 
several hours to complete can be shortened to approxi-
mately 5–10 min by incubating the sample in a microwave 
oven. In those works, ESI-MS of the digestion products 
were performed separately a�er cooling the sample to near 
room temperature.
We previously showed that simply heating the ESI capil-

lary would turn it into an on-line digestion reactor. �e 
online operation eliminated the need to transfer the sample 
from the digestion reactor, and the output of the digestive 
reaction could be monitored and manipulated on a near-
real-time basis.73,87) At optimum temperature, the overall 
time for digestion and ESI-MS acquisition could be as 
short as 3 s.73) One example is shown in Fig. 9. �e sample 

solution was rapidly heated when �owing through a heated 
ESI capillary, and the digestion products were ionized by 
ESI in-situ when the solution emerged from the tip of the 
heated capillary. �e mass spectra of bovine ubiquitin are 
shown for di�erent solution �ow rates and hence di�erent 
heating times. In all cases, the ESI capillary was kept at 
220°C. �e peaks originating from the selective digestion 
products dominate the mass spectrum even with a �ow rate 
of 10 µL/min, which corresponds to a 1.4 s heating time, but 
there are still traces of intact ubiquitin, labeled with aster-
isks. �e peaks of intact ubiquitin could still be weakly de-
tected at 4 µL/min, but completely disappeared at 2 µL/min. 
�ese results showed that simply infusing the peptide/
protein solution through a heated capillary at ∼220°C for a 
few seconds was su�cient to yield digestion products that is 
enough to provide the coverage for all Asp sites for proteins 
including ubiquitin and myoglobin. It should be noted that 
the direct analysis of a large number digested product is 
relatively di�cult and the precise peak annotation is pos-
sible only with high resolution MS.

Online rapid digestion HTLC-HPESI-MS
LC-MS is the standard work�ow for the analysis of di-

gestion products in proteomic research. We envision that 
it is possible to incorporate an online non-enzymatic di-

Fig. 9. High-pressure ESI mass spectra of bovine ubiquitin in 2% v/v formic acid under di�erent solution �ow rates. a) 10 µL/min, b) 4 µL/min, 
and c) 2 µL/min. ESI capillary temperate is 220°C for all cases. �e corresponding residence time of solution within the heated capillary 
are 1.4 s (a), 3.5 s (b), and 7 s (c). Asterisk * depicts the peak from intact ubiquitin. Reproduced with permission from J. Mass Spectrom. 
(2016), 51, 396–411.73)
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gestion reactor to the HTLC-HPESI-MS system to further 
improve the throughput of the proteomics analysis. �e 
digestion reactor can be in the formed of liquid transfer 
capillary heated by heat block or microwave oven. By plac-
ing the heated reactor before the column, the back pressure 
introduced by the column allows the reactor to be heated 
to an elevated temperature greater than the column. Since 
the digestion products were produced at high temperature, 
they should be compatible with the high-temperature LC as 
well. �e fast separation of HTLC can also keep the cleaved 
peptides intact owing to short residence time in the hot 
column. Such an investigation is currently underway in our 
laboratory.
In conclusion, the trend in the LC development has been 

toward the use of smaller particles, higher pressure and the 
use of high temperature to achieve fast separation with-
out sacri�cing the plate count. Heat resistive columns and 
capillary columns have become available commercially to 
the common user and their stability at high temperature 
is steadily being improved. Sub-minutes separation under 
the isocratic mode is now not uncommon, and ultra-fast 
gradient elution of peptides in less than <30 s has also 
been achieved by HTLC,7) paving the way towards the 
ambient LC or ambient LC-MS that produces a near-real-
time response like the ambient mass spectrometry. �e 
use of capillary LC is attractive because it requires a low 
minimum sample amount, achieves high linear velocity at 
microliter/min volumetric �ow rate, and allows the subcriti-
cal water LC to be coupled with micro�ow ESI-MS. High-
temperature capillary LC could be coupled directly to MS 
via a super-atmospheric ESI source that prevents the mobile 
phase from boiling and provide a stable electrospray for a 
pure aqueous solution without electrical discharge.

Acknowledgements
�is work was supported by the Grants-in-Aid for 

Scienti�c Research (KAKENHI) from the Japan Society for 
the Promotion of Science (Grant No. 17H03076).

REFERENCES
 1) F. D. Antia, C. Horváth. High-performance liquid chromatogra-

phy at elevated temperatures: Examination of conditions for the 
rapid separation of large molecules. J. Chromatogr. A 435: 1–15, 
1988.

 2) T. Greibrokk, T. Andersen. High-temperature liquid chromatog-
raphy. J. Chromatogr. A 1000: 743–755, 2003.

 3) D. Guillarme, S. Heinisch. Detection modes with high tem-
perature liquid chromatography—A review. Separ. Purif. Rev. 34: 
181–216, 2005.

 4) G. Vanhoenacker, P. Sandra. Elevated temperature and tem-
perature programming in conventional liquid chromatography—
Fundamentals and applications. J. Sep. Sci. 29: 1822–1835, 2006.

 5) C. V. McNe�, B. Yan, D. R. Stoll, R. A. Henry. Practice and 
theory of high temperature liquid chromatography. J. Sep. Sci. 
30: 1672–1685, 2007.

 6) T. Teutenberg. Potential of high temperature liquid chromatog-
raphy for the improvement of separation e�ciency—A review. 
Anal. Chim. Acta 643: 1–12, 2009.

 7) P. W. Carr, D. R. Stoll, X. Wang. Perspectives on recent advances 
in the speed of high-performance liquid chromatography. Anal. 
Chem. 83: 1890–1900, 2011.

 8) J. Nawrocki, C. Dunlap, A. McCormick, P. W. Carr, I. Part. 
Chromatography using ultra-stable metal oxide-based stationary 
phases for HPLC. J. Chromatogr. A 1028: 1–30, 2004.

 9) T. Teutenberg, K. Hollebekkers, S. Wiese, A. Boergers. 
Temperature and pH-stability of commercial stationary phases. J. 
Sep. Sci. 32: 1262–1274, 2009.

10) A. J. P. Martin, R. L. M. Synge. A new form of chromatogram 
employing two liquid phases: A theory of chromatography. 2. 
Application to the micro-determination of the higher monoami-
no-acids in proteins. Biochem. J. 35: 1358–1368, 1941.

11) J. J. van Deemter, F. J. Zuiderweg, A. Klinkenberg. Longitudinal 
di�usion and resistance to mass transfer as causes of nonideality 
in chromatography. Chem. Eng. Sci. 5: 271–289, 1956.

12) J. H. Knox, M. Saleem. Mobile and stationary phase contribu-
tions to peak dispersion in gas chromatography. J. Chromatogr. 
Sci. 10: 80–88, 1972.

13) W. Hayduk, H. Laudie. Prediction of di�usion coe�cients for 
nonelectrolytes in dilute aqueous solutions. AIChE J. 20: 611–
615, 1974.

14) C. R. Wilke, P. Chang. Correlation of di�usion coe�cients in 
dilute solutions. AIChE J. 1: 264–270, 1955.

15) J. E. MacNair, K. C. Lewis, J. W. Jorgenson. Ultrahigh-pressure 
reversed-phase liquid chromatography in packed capillary col-
umns. Anal. Chem. 69: 983–989, 1997.

16) J. C. Giddings. Comparison of theoretical limit of separating 
speed in gas and liquid chromatography. Anal. Chem. 37: 60–63, 
1965.

17) Y. Yang, H. Chen, M. A. Beckner, P. Xiang, J. J. Lu, C. Cao, S. 
Liu. Narrow, open, tubular column for ultrahigh-e�ciency 
liquid-chromatographic separation under elution pressure of less 
than 50 bar. Anal. Chem. 90: 10676–10680, 2018.

18) H. Chen, Y. Yang, Z. Qiao, P. Xiang, J. Ren, Y. Meng, K. Zhang, 
J. J. Lu, S. Liu. A narrow open tubular column for high e�ciency 
liquid chromatographic separation. Analyst (Lond.) 143: 2008–
2011, 2018.

19) G. Liu, N. M. Djordjevic, F. Erni. High-temperature open-tubu-
lar capillary column liquid chromatography. J. Chromatogr. A 
592: 239–247, 1992.

20) L. M. Nyholm, P. J. R. Sjöberg, K. E. Markides. High-
temperature open tubular liquid chromatography coupled to 
atmospheric pressure chemical ionisation mass spectrometry. J. 
Chromatogr. A 755: 153–164, 1996.

21) M. H. Chen, C. Horváth. Temperature programming and gradi-
ent elution in reversed-phase chromatography with packed capil-
lary columns. J. Chromatogr. A 788: 51–61, 1997.

22) S. Shen, H. Lee, J. McCa�rey, N. Yee, C. Senanayake, N. 
Grinberg, J. Clark. High temperature high performance liquid 
chromatography of substituted anilines using a C18 hybrid sta-
tionary phase. J. Liq. Chromatogr. Relat. Technol. 29: 2823–2834, 
2006.

23) T. Scott Kephart, P. K. Dasgupta. Superheated water eluent capil-
lary liquid chromatography. Talanta 56: 977–987, 2002.

24) U. Aimoto, T. Kobayashi, S. Adachi. Temperature dependence 
of retention factor of saccharides on hydrophobic resin. Nihon 
Shokuhin Kogakkaishi 12: 165–168, 2011.

25) D. Haidacher, A. Vailaya, C. Horváth. Temperature e�ects in 
hydrophobic interaction chromatography. Proc. Natl. Acad. Sci. 
U.S.A. 93: 2290–2295, 1996.

26) T. L. Chester, J. W. Coym. E�ect of phase ratio on van’t Ho� 
analysis in reversed-phase liquid chromatography, and phase-
ratio-independent estimation of transfer enthalpy. J. Chromatogr. 
A 1003: 101–111, 2003.

27) E. Caiali, V. David, H. Y. Aboul-Enein, S. C. Moldoveanu. 
Evaluation of the phase ratio for three C18 high performance 
liquid chromatographic columns. J. Chromatogr. A 1435: 85–91, 
2016.

28) C. Horváth, W. Melander, I. Molnár. Solvophobic interactions 
in liquid chromatography with nonpolar stationary phases. J. 

http://dx.doi.org/10.1016/S0021-9673(01)82158-0
http://dx.doi.org/10.1016/S0021-9673(01)82158-0
http://dx.doi.org/10.1016/S0021-9673(01)82158-0
http://dx.doi.org/10.1016/S0021-9673(01)82158-0
http://dx.doi.org/10.1016/S0021-9673(02)01963-5
http://dx.doi.org/10.1016/S0021-9673(02)01963-5
http://dx.doi.org/10.1080/15422110500323055
http://dx.doi.org/10.1080/15422110500323055
http://dx.doi.org/10.1080/15422110500323055
http://dx.doi.org/10.1002/jssc.200600160
http://dx.doi.org/10.1002/jssc.200600160
http://dx.doi.org/10.1002/jssc.200600160
http://dx.doi.org/10.1002/jssc.200600526
http://dx.doi.org/10.1002/jssc.200600526
http://dx.doi.org/10.1002/jssc.200600526
http://dx.doi.org/10.1016/j.aca.2009.04.008
http://dx.doi.org/10.1016/j.aca.2009.04.008
http://dx.doi.org/10.1016/j.aca.2009.04.008
http://dx.doi.org/10.1021/ac102570t
http://dx.doi.org/10.1021/ac102570t
http://dx.doi.org/10.1021/ac102570t
http://dx.doi.org/10.1016/j.chroma.2003.11.052
http://dx.doi.org/10.1016/j.chroma.2003.11.052
http://dx.doi.org/10.1016/j.chroma.2003.11.052
http://dx.doi.org/10.1002/jssc.200800712
http://dx.doi.org/10.1002/jssc.200800712
http://dx.doi.org/10.1002/jssc.200800712
http://dx.doi.org/10.1042/bj0351358
http://dx.doi.org/10.1042/bj0351358
http://dx.doi.org/10.1042/bj0351358
http://dx.doi.org/10.1042/bj0351358
http://dx.doi.org/10.1016/0009-2509(56)80003-1
http://dx.doi.org/10.1016/0009-2509(56)80003-1
http://dx.doi.org/10.1016/0009-2509(56)80003-1
http://dx.doi.org/10.1093/chromsci/10.2.80
http://dx.doi.org/10.1093/chromsci/10.2.80
http://dx.doi.org/10.1093/chromsci/10.2.80
http://dx.doi.org/10.1002/aic.690200329
http://dx.doi.org/10.1002/aic.690200329
http://dx.doi.org/10.1002/aic.690200329
http://dx.doi.org/10.1002/aic.690010222
http://dx.doi.org/10.1002/aic.690010222
http://dx.doi.org/10.1021/ac961094r
http://dx.doi.org/10.1021/ac961094r
http://dx.doi.org/10.1021/ac961094r
http://dx.doi.org/10.1021/ac60220a012
http://dx.doi.org/10.1021/ac60220a012
http://dx.doi.org/10.1021/ac60220a012
http://dx.doi.org/10.1021/acs.analchem.8b02634
http://dx.doi.org/10.1021/acs.analchem.8b02634
http://dx.doi.org/10.1021/acs.analchem.8b02634
http://dx.doi.org/10.1021/acs.analchem.8b02634
http://dx.doi.org/10.1039/C7AN02065A
http://dx.doi.org/10.1039/C7AN02065A
http://dx.doi.org/10.1039/C7AN02065A
http://dx.doi.org/10.1039/C7AN02065A
http://dx.doi.org/10.1016/0021-9673(92)85090-G
http://dx.doi.org/10.1016/0021-9673(92)85090-G
http://dx.doi.org/10.1016/0021-9673(92)85090-G
http://dx.doi.org/10.1016/S0021-9673(96)00609-7
http://dx.doi.org/10.1016/S0021-9673(96)00609-7
http://dx.doi.org/10.1016/S0021-9673(96)00609-7
http://dx.doi.org/10.1016/S0021-9673(96)00609-7
http://dx.doi.org/10.1016/S0021-9673(97)00715-2
http://dx.doi.org/10.1016/S0021-9673(97)00715-2
http://dx.doi.org/10.1016/S0021-9673(97)00715-2
http://dx.doi.org/10.1080/10826070600959294
http://dx.doi.org/10.1080/10826070600959294
http://dx.doi.org/10.1080/10826070600959294
http://dx.doi.org/10.1080/10826070600959294
http://dx.doi.org/10.1080/10826070600959294
http://dx.doi.org/10.1016/S0039-9140(02)00049-8
http://dx.doi.org/10.1016/S0039-9140(02)00049-8
http://dx.doi.org/10.11301/jsfe.12.165
http://dx.doi.org/10.11301/jsfe.12.165
http://dx.doi.org/10.11301/jsfe.12.165
http://dx.doi.org/10.1073/pnas.93.6.2290
http://dx.doi.org/10.1073/pnas.93.6.2290
http://dx.doi.org/10.1073/pnas.93.6.2290
http://dx.doi.org/10.1016/S0021-9673(03)00846-X
http://dx.doi.org/10.1016/S0021-9673(03)00846-X
http://dx.doi.org/10.1016/S0021-9673(03)00846-X
http://dx.doi.org/10.1016/S0021-9673(03)00846-X
http://dx.doi.org/10.1016/j.chroma.2016.01.043
http://dx.doi.org/10.1016/j.chroma.2016.01.043
http://dx.doi.org/10.1016/j.chroma.2016.01.043
http://dx.doi.org/10.1016/j.chroma.2016.01.043
http://dx.doi.org/10.1016/S0021-9673(00)93816-0
http://dx.doi.org/10.1016/S0021-9673(00)93816-0


HIgH-TemPerature LIquID CHromatograPHY anD tHe HYPHenatIon wItH Mass SPectrometrY UsIng HIgH-Pressure ELectrosPraY IonIzatIon Vol. 8 (2019), S0079 

 Page 12 of 13

Chromatogr. A 125: 129–156, 1976.
29) L. A. Cole, J. G. Dorsey. Temperature dependence of retention in 

reversed-phase liquid chromatography. 1. Stationary-phase con-
siderations. Anal. Chem. 64: 1317–1323, 1992.

30) K. B. Sentell, J. G. Dorsey. Retention mechanisms in reversed-
phase liquid chromatography. Stationary-phase bonding density 
and partitioning. Anal. Chem. 61: 930–934, 1989.

31) F. Gritti, G. Guiochon. Adsorption mechanisms and e�ect of 
temperature in reversed-phase liquid chromatography. Meaning 
of the classical van’t Ho� plot in chromatography. Anal. Chem. 
78: 4642–4653, 2006.

32) J. L. Ra�erty, L. Zhang, J. I. Siepmann, M. R. Schure. Retention 
mechanism in reversed-phase liquid chromatography: A molecu-
lar perspective. Anal. Chem. 79: 6551–6558, 2007.

33) J. S. Baker, J. C. Vinci, A. D. Moore, L. A. Colón. Physical char-
acterization and evaluation of HPLC columns packed with su-
per�cially porous particles. J. Sep. Sci. 33: 2547–2557, 2010.

34) Dortmund Data Bank, 2019, www.ddbst.com.
35) L. Grunberg, A. H. Nissan. Mixture law for viscosity. Nature 164: 

799–800, 1949.
36) B. Yan, J. Zhao, J. S. Brown, J. Blackwell, P. W. Carr. High-

temperature ultrafast liquid chromatography. Anal. Chem. 72: 
1253–1262, 2000.

37) D. R. Lide. CRC Handbook of Chemistry and Physics. CRC Press, 
2007.

38) L. R. Snyder, J. J. Kirkland, J. W. Dolan. Introduction to Modern 
Liquid Chromatography. Wiley, Hoboken, N.J, 2009.

39) J. W. �ompson, T. J. Kaiser, J. W. Jorgenson. Viscosity measure-
ments of methanol–water and acetonitrile–water mixtures at 
pressures up to 3500 bar using a novel capillary time-of-�ight 
viscometer. J. Chromatogr. A 1134: 201–209, 2006.

40) J. Li, P. W. Carr. E�ect of temperature on the thermodynamic 
properties, kinetic performance, and stability of polybutadiene-
coated zirconia. Anal. Chem. 69: 837–843, 1997.

41) C. J. Dunlap, P. W. Carr, C. V. McNe�, D. Stoll. Peer reviewed: 
Zirconia stationary phases for extreme separations. Anal. Chem. 
73: 598A–607A, 2001.

42) L. Pereira, S. Aspey, H. Ritchie. High temperature to in-
crease throughput in liquid chromatography and liquid 
chromatography–mass spectrometry with a porous graphitic 
carbon stationary phase. J. Sep. Sci. 30: 1115–1124, 2007.

43) C. Lepont, A. D. Gunatillaka, C. F. Poole. Retention characteris-
tics of porous graphitic carbon in reversed-phase liquid chroma-
tography with methanol–water mobile phases. Analyst (Lond.) 
126: 1318–1325, 2001.

44) C. West, C. Elfakir, M. Lafosse. Porous graphitic carbon: A ver-
satile stationary phase for liquid chromatography. J. Chromatogr. 
A 1217: 3201–3216, 2010.

45) T. E. Bapiro, F. M. Richards, D. I. Jodrell. Understanding the 
complexity of porous graphitic carbon (PGC) chromatography: 
Modulation of mobile-stationary phase interactions overcomes 
loss of retention and reduces variability. Anal. Chem. 88: 6190–
6194, 2016.

46) T. J. Causon, R. A. Shellie, E. F. Hilder. High temperature liquid 
chromatography with monolithic capillary columns and pure 
water eluent. Analyst (Lond.) 134: 440–442, 2009.

47) T. J. Causon, A. Nordborg, R. A. Shellie, E. F. Hilder. High 
temperature liquid chromatography of intact proteins using 
organic polymer monoliths and alternative solvent systems. J. 
Chromatogr. A 1217: 3519–3524, 2010.

48) H. Eghbali, K. Sandra, B. Tienpont, S. Eeltink, P. Sandra, G. 
Desmet. Exploring the possibilities of cryogenic cooling in liquid 
chromatography for biological applications: A proof of principle. 
Anal. Chem. 84: 2031–2037, 2012.

49) R. J. Perchalski, B. J. Wilder. Reverse phase liquid chromatogra-
phy at increased temperature. Anal. Chem. 51: 774–776, 1979.

50) J. D. �ompson, J. S. Brown, P. W. Carr. Dependence of thermal 
mismatch broadening on column diameter in high-speed liq-

uid chromatography at elevated temperatures. Anal. Chem. 73: 
3340–3347, 2001.

51) J. J. Heiland, C. Lotter, V. Stein, L. Mauritz, D. Belder. 
Temperature gradient elution and superheated eluents in 
Chip-HPLC. Anal. Chem. 89: 3266–3271, 2017.

52) R. Trones, A. Iveland, T. Greibrokk. High temperature liquid 
chromatography on packed capillary columns with nonaqueous 
mobile phases. J. Microcolumn Sep. 7: 505–512, 1995.

53) C.-Y. Shih, Y. Chen, J. Xie, Q. He, Y.-C. Tai. On-chip temperature 
gradient interaction chromatography. J. Chromatogr. A 1111: 
272–278, 2006.

54) C. Becker, M. A. Jochmann, T. C. Schmidt. An overview of ap-
proaches in liquid chromatography �ame ionization detection. 
TrAC. Trends Analyt. Chem. 110: 143–149, 2019.

55) D. J. Miller, S. B. Hawthorne. Subcritical water chromatography 
with �ame ionization detection. Anal. Chem. 69: 623–627, 1997.

56) I. L. Skuland, T. Andersen, R. Trones, R. B. Eriksen, T. 
Greibrokk. Determination of polyethylene glycol in low-density 
polyethylene by large volume injection temperature gradient 
packed capillary liquid chromatography. J. Chromatogr. A 1011: 
31–36, 2003.

57) R. M. Smith, O. Chienthavorn, S. Saha, I. D. Wilson, B. Wright, 
S. D. Taylor. Selective deuterium exchange during superheated 
heavy water chromatography-nuclear magnetic resonance spec-
troscopy-mass spectrometry of sulfonamides. J. Chromatogr. A 
886: 289–295, 2000.

58) I. Bruheim, P. Molander, E. Lundanes, T. Greibrokk, E. 
Ommundsen. Temperature-programmed packed capillary liquid 
chromatography coupled to Fourier-transform infrared spectros-
copy. J. High Resolut. Chromatogr. 23: 525–530, 2000.

59) D. Lee, C. Li Pi Shan, D. M. Meunier, J. W. Lyons, R. Cong, A. 
W. deGroot. Toward absolute chemical composition distribution 
measurement of polyole�ns by high-temperature liquid chroma-
tography hyphenated with infrared absorbance and light scatter-
ing detectors. Anal. Chem. 86: 8649–8656, 2014.

60) A. R. de Boer, J. M. Alcaide-Hidalgo, J. G. Krabbe, J. Kolkman, 
C. N. van Emde Boas, W. M. A. Niessen, H. Lingeman, H. Irth. 
High-temperature liquid chromatography coupled on-line to a 
continuous-�ow biochemical screening assay with electrospray 
ionization mass spectrometric detection. Anal. Chem. 77: 7894–
7900, 2005.

61) M. S. Wilm, M. Mann. Electrospray and Taylor–Cone theory, 
Dole’s beam of macromolecules at last? Int. J. Mass Spectrom. Ion 
Process. 136: 167–180, 1994.

62) A. Schmidt, M. Karas, T. Dülcks. E�ect of di�erent solution �ow 
rates on analyte ion signals in nano-ESI MS, or: when does ESI 
turn into nano-ESI? J. Am. Soc. Mass Spectrom. 14: 492–500, 
2003.

63) A. C. Susa, Z. Xia, E. R. Williams. Small emitter tips for native 
mass spectrometry of proteins and protein complexes from non-
volatile bu�ers that mimic the intracellular environment. Anal. 
Chem. 89: 3116–3122, 2017.

64) A. Kloepfer, J. B. Quintana, T. Reemtsma. Operational options 
to reduce matrix e�ects in liquid chromatography-electrospray 
ionization-mass spectrometry analysis of aqueous environmental 
samples. J. Chromatogr. A 1067: 153–160, 2005.

65) A. Uclés Moreno, S. Herrera López, B. Reichert, A. Lozano 
Fernández, M. D. Hernando Guil, A. R. Fernández-Alba. 
Micro�ow liquid chromatography coupled to mass spectrom-
etry—An approach to signi�cantly increase sensitivity, decrease 
matrix e�ects, and reduce organic solvent usage in pesticide resi-
due analysis. Anal. Chem. 87: 1018–1025, 2015.

66) L. C. Chen, T. Naito, S. Ninomiya, K. Hiraoka. Hyphenation of 
high-temperature liquid chromatography with high-pressure 
electrospray ionization for subcritical water LC-ESI-MS. Analyst 
(Lond.) 143: 5552–5558, 2018.

67) L. C. Chen, M. K. Mandal, K. Hiraoka. High pressure (>1 atm) 
electrospray ionization mass spectrometry. J. Am. Soc. Mass 

http://dx.doi.org/10.1016/S0021-9673(00)93816-0
http://dx.doi.org/10.1021/ac00037a004
http://dx.doi.org/10.1021/ac00037a004
http://dx.doi.org/10.1021/ac00037a004
http://dx.doi.org/10.1021/ac00184a003
http://dx.doi.org/10.1021/ac00184a003
http://dx.doi.org/10.1021/ac00184a003
http://dx.doi.org/10.1021/ac0602017
http://dx.doi.org/10.1021/ac0602017
http://dx.doi.org/10.1021/ac0602017
http://dx.doi.org/10.1021/ac0602017
http://dx.doi.org/10.1021/ac0705115
http://dx.doi.org/10.1021/ac0705115
http://dx.doi.org/10.1021/ac0705115
http://dx.doi.org/10.1002/jssc.201000251
http://dx.doi.org/10.1002/jssc.201000251
http://dx.doi.org/10.1002/jssc.201000251
http://dx.doi.org/10.1038/164799b0
http://dx.doi.org/10.1038/164799b0
http://dx.doi.org/10.1021/ac991008y
http://dx.doi.org/10.1021/ac991008y
http://dx.doi.org/10.1021/ac991008y
http://dx.doi.org/10.1016/j.chroma.2006.09.006
http://dx.doi.org/10.1016/j.chroma.2006.09.006
http://dx.doi.org/10.1016/j.chroma.2006.09.006
http://dx.doi.org/10.1016/j.chroma.2006.09.006
http://dx.doi.org/10.1021/ac960854v
http://dx.doi.org/10.1021/ac960854v
http://dx.doi.org/10.1021/ac960854v
http://dx.doi.org/10.1021/ac012530z
http://dx.doi.org/10.1021/ac012530z
http://dx.doi.org/10.1021/ac012530z
http://dx.doi.org/10.1002/jssc.200600521
http://dx.doi.org/10.1002/jssc.200600521
http://dx.doi.org/10.1002/jssc.200600521
http://dx.doi.org/10.1002/jssc.200600521
http://dx.doi.org/10.1039/b102719k
http://dx.doi.org/10.1039/b102719k
http://dx.doi.org/10.1039/b102719k
http://dx.doi.org/10.1039/b102719k
http://dx.doi.org/10.1016/j.chroma.2009.09.052
http://dx.doi.org/10.1016/j.chroma.2009.09.052
http://dx.doi.org/10.1016/j.chroma.2009.09.052
http://dx.doi.org/10.1021/acs.analchem.6b01167
http://dx.doi.org/10.1021/acs.analchem.6b01167
http://dx.doi.org/10.1021/acs.analchem.6b01167
http://dx.doi.org/10.1021/acs.analchem.6b01167
http://dx.doi.org/10.1021/acs.analchem.6b01167
http://dx.doi.org/10.1039/B815886J
http://dx.doi.org/10.1039/B815886J
http://dx.doi.org/10.1039/B815886J
http://dx.doi.org/10.1016/j.chroma.2010.03.033
http://dx.doi.org/10.1016/j.chroma.2010.03.033
http://dx.doi.org/10.1016/j.chroma.2010.03.033
http://dx.doi.org/10.1016/j.chroma.2010.03.033
http://dx.doi.org/10.1021/ac203252u
http://dx.doi.org/10.1021/ac203252u
http://dx.doi.org/10.1021/ac203252u
http://dx.doi.org/10.1021/ac203252u
http://dx.doi.org/10.1021/ac50042a044
http://dx.doi.org/10.1021/ac50042a044
http://dx.doi.org/10.1021/ac010091y
http://dx.doi.org/10.1021/ac010091y
http://dx.doi.org/10.1021/ac010091y
http://dx.doi.org/10.1021/ac010091y
http://dx.doi.org/10.1021/acs.analchem.7b00142
http://dx.doi.org/10.1021/acs.analchem.7b00142
http://dx.doi.org/10.1021/acs.analchem.7b00142
http://dx.doi.org/10.1002/mcs.1220070511
http://dx.doi.org/10.1002/mcs.1220070511
http://dx.doi.org/10.1002/mcs.1220070511
http://dx.doi.org/10.1016/j.chroma.2005.08.075
http://dx.doi.org/10.1016/j.chroma.2005.08.075
http://dx.doi.org/10.1016/j.chroma.2005.08.075
http://dx.doi.org/10.1016/j.trac.2018.10.038
http://dx.doi.org/10.1016/j.trac.2018.10.038
http://dx.doi.org/10.1016/j.trac.2018.10.038
http://dx.doi.org/10.1021/ac960729j
http://dx.doi.org/10.1021/ac960729j
http://dx.doi.org/10.1016/S0021-9673(03)01186-5
http://dx.doi.org/10.1016/S0021-9673(03)01186-5
http://dx.doi.org/10.1016/S0021-9673(03)01186-5
http://dx.doi.org/10.1016/S0021-9673(03)01186-5
http://dx.doi.org/10.1016/S0021-9673(03)01186-5
http://dx.doi.org/10.1016/S0021-9673(00)00493-3
http://dx.doi.org/10.1016/S0021-9673(00)00493-3
http://dx.doi.org/10.1016/S0021-9673(00)00493-3
http://dx.doi.org/10.1016/S0021-9673(00)00493-3
http://dx.doi.org/10.1016/S0021-9673(00)00493-3
http://dx.doi.org/10.1002/1521-4168(20000901)23:9%3C525::AID-JHRC525%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-4168(20000901)23:9%3C525::AID-JHRC525%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-4168(20000901)23:9%3C525::AID-JHRC525%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-4168(20000901)23:9%3C525::AID-JHRC525%3E3.0.CO;2-N
http://dx.doi.org/10.1021/ac501477a
http://dx.doi.org/10.1021/ac501477a
http://dx.doi.org/10.1021/ac501477a
http://dx.doi.org/10.1021/ac501477a
http://dx.doi.org/10.1021/ac501477a
http://dx.doi.org/10.1021/ac0510282
http://dx.doi.org/10.1021/ac0510282
http://dx.doi.org/10.1021/ac0510282
http://dx.doi.org/10.1021/ac0510282
http://dx.doi.org/10.1021/ac0510282
http://dx.doi.org/10.1021/ac0510282
http://dx.doi.org/10.1016/0168-1176(94)04024-9
http://dx.doi.org/10.1016/0168-1176(94)04024-9
http://dx.doi.org/10.1016/0168-1176(94)04024-9
http://dx.doi.org/10.1016/S1044-0305(03)00128-4
http://dx.doi.org/10.1016/S1044-0305(03)00128-4
http://dx.doi.org/10.1016/S1044-0305(03)00128-4
http://dx.doi.org/10.1016/S1044-0305(03)00128-4
http://dx.doi.org/10.1021/acs.analchem.6b04897
http://dx.doi.org/10.1021/acs.analchem.6b04897
http://dx.doi.org/10.1021/acs.analchem.6b04897
http://dx.doi.org/10.1021/acs.analchem.6b04897
http://dx.doi.org/10.1016/j.chroma.2004.11.101
http://dx.doi.org/10.1016/j.chroma.2004.11.101
http://dx.doi.org/10.1016/j.chroma.2004.11.101
http://dx.doi.org/10.1016/j.chroma.2004.11.101
http://dx.doi.org/10.1021/ac5035852
http://dx.doi.org/10.1021/ac5035852
http://dx.doi.org/10.1021/ac5035852
http://dx.doi.org/10.1021/ac5035852
http://dx.doi.org/10.1021/ac5035852
http://dx.doi.org/10.1021/ac5035852
http://dx.doi.org/10.1039/C8AN01113C
http://dx.doi.org/10.1039/C8AN01113C
http://dx.doi.org/10.1039/C8AN01113C
http://dx.doi.org/10.1039/C8AN01113C
http://dx.doi.org/10.1007/s13361-010-0058-8
http://dx.doi.org/10.1007/s13361-010-0058-8


HIgH-TemPerature LIquID CHromatograPHY anD tHe HYPHenatIon wItH Mass SPectrometrY UsIng HIgH-Pressure ELectrosPraY IonIzatIon Vol. 8 (2019), S0079 

 Page 13 of 13

Spectrom. 22: 539–544, 2011.
68) L. C. Chen, M. Mandal, K. Hiraoka. Super-atmospheric pressure 

electrospray ion source: Applied to aqueous solution. J. Am. Soc. 
Mass Spectrom. 22: 2108–2114, 2011.

69) M. M. Rahman, M. K. Mandal, K. Hiraoka, L. C. Chen. High 
pressure nanoelectrospray ionization mass spectrometry for 
analysis of aqueous solutions. Analyst (Lond.) 138: 6316–6322, 
2013.

70) M. M. Rahman, K. Hiraoka, L. C. Chen. Realizing nano electro-
spray ionization using disposable pipette tips under super atmo-
spheric pressure. Analyst (Lond.) 139: 610–617, 2013.

71) J. A. Dean. Lange’s Handbook of Chemistry. McGraw-Hill, 1998.
72) L. C. Chen, M. M. Rahman, K. Hiraoka. High pressure super-

heated electrospray ionization mass spectrometry for sub-critical 
aqueous solution. J. Am. Soc. Mass Spectrom. 25: 1862–1869, 
2014.

73) L. C. Chen, S. Ninomiya, K. Hiraoka. Super-atmospheric pres-
sure ionization mass spectrometry and its application to ultrafast 
online protein digestion analysis. J. Mass Spectrom. 51: 396–411, 
2016.

74) L. C. Chen, M. M. Rahman, K. Hiraoka. Super-atmospheric pres-
sure ion sources: Application and coupling to API mass spec-
trometer. Mass Spectrom. (Tokyo) 3: S0024, 2014.

75) L. C. Chen. When API mass spectrometry meets super atmo-
spheric pressure ion sources. Mass Spectrom. (Tokyo) 4: A0041, 
2015.

76) M. Uematsu, E. U. Frank. Static dielectric constant of water and 
steam. J. Phys. Chem. Ref. Data 9: 1291–1306, 1980.

77) D. P. Fernández, Y. Mulev, A. R. H. Goodwin, J. M. H. L. 
Sengers. A database for the static dielectric constant of water and 
steam. J. Phys. Chem. Ref. Data 24: 33–70, 1995.

78) D. J. Miller, S. B. Hawthorne, A. M. Gizir, A. A. Cli�ord. 
Solubility of polycyclic aromatic hydrocarbons in subcritical wa-
ter from 298 K to 498 K. J. Chem. Eng. Data 43: 1043–1047, 1998.

79) X. Wang, D. R. Stoll, A. P. Schellinger, P. W. Carr. Peak capacity 
optimization of peptide separations in reversed-phase gradient 
elution chromatography: Fixed column format. Anal. Chem. 78: 
3406–3416, 2006.

80) Y. Yang. Subcritical water chromatography: A green approach to 
high-temperature liquid chromatography. J. Sep. Sci. 30: 1131–
1140, 2007.

81) S. Blackburn, G. R. Lee. �e liberation of aspartic acid during the 
acid hydrolysis of proteins. Biochem. J. 58: 227–231, 1954.

82) S. M. Partridge, H. F. Davis. Preferential release of aspartic acid 
during the hydrolysis of proteins. Nature 165: 62–63, 1950.

83) A. Li, R. C. Sowder, L. E. Henderson, S. P. Moore, D. J. Gar�nkel, 
R. J. Fisher. Chemical cleavage at aspartyl residues for protein 
identi�cation. Anal. Chem. 73: 5395–5402, 2001.

84) H. Zhong, S. L. Marcus, L. Li. Microwave-assisted acid hydro-
lysis of proteins combined with liquid chromatography MALDI 
MS/MS for protein identi�cation. J. Am. Soc. Mass Spectrom. 16: 
471–481, 2005.

85) L. Hua, T. Y. Low, S. K. Sze. Microwave-assisted speci�c chemi-
cal digestion for rapid protein identi�cation. Proteomics 6: 
586–591, 2006.

86) S. Swatkoski, S. C. Russell, N. Edwards, C. Fenselau. Rapid 
chemical digestion of small acid-soluble spore proteins for analy-
sis of Bacillus spores. Anal. Chem. 78: 181–188, 2006.

87) L. C. Chen, M. Kinoshita, M. Noda, S. Ninomiya, K. Hiraoka. 
Rapid online non-enzymatic protein digestion analysis with high 
pressure superheated ESI-MS. J. Am. Soc. Mass Spectrom. 26: 
1085–1091; Rapid Online, 2015.

http://dx.doi.org/10.1007/s13361-010-0058-8
http://dx.doi.org/10.1007/s13361-011-0253-2
http://dx.doi.org/10.1007/s13361-011-0253-2
http://dx.doi.org/10.1007/s13361-011-0253-2
http://dx.doi.org/10.1039/c3an00699a
http://dx.doi.org/10.1039/c3an00699a
http://dx.doi.org/10.1039/c3an00699a
http://dx.doi.org/10.1039/c3an00699a
http://dx.doi.org/10.1039/C3AN01635H
http://dx.doi.org/10.1039/C3AN01635H
http://dx.doi.org/10.1039/C3AN01635H
http://dx.doi.org/10.1007/s13361-014-0974-0
http://dx.doi.org/10.1007/s13361-014-0974-0
http://dx.doi.org/10.1007/s13361-014-0974-0
http://dx.doi.org/10.1007/s13361-014-0974-0
http://dx.doi.org/10.1002/jms.3779
http://dx.doi.org/10.1002/jms.3779
http://dx.doi.org/10.1002/jms.3779
http://dx.doi.org/10.1002/jms.3779
http://dx.doi.org/10.5702/massspectrometry.S0024
http://dx.doi.org/10.5702/massspectrometry.S0024
http://dx.doi.org/10.5702/massspectrometry.S0024
http://dx.doi.org/10.5702/massspectrometry.A0041
http://dx.doi.org/10.5702/massspectrometry.A0041
http://dx.doi.org/10.5702/massspectrometry.A0041
http://dx.doi.org/10.1063/1.555632
http://dx.doi.org/10.1063/1.555632
http://dx.doi.org/10.1063/1.555977
http://dx.doi.org/10.1063/1.555977
http://dx.doi.org/10.1063/1.555977
http://dx.doi.org/10.1021/je980094g
http://dx.doi.org/10.1021/je980094g
http://dx.doi.org/10.1021/je980094g
http://dx.doi.org/10.1021/ac0600149
http://dx.doi.org/10.1021/ac0600149
http://dx.doi.org/10.1021/ac0600149
http://dx.doi.org/10.1021/ac0600149
http://dx.doi.org/10.1002/jssc.200700008
http://dx.doi.org/10.1002/jssc.200700008
http://dx.doi.org/10.1002/jssc.200700008
http://dx.doi.org/10.1042/bj0580227
http://dx.doi.org/10.1042/bj0580227
http://dx.doi.org/10.1038/165062a0
http://dx.doi.org/10.1038/165062a0
http://dx.doi.org/10.1021/ac010619z
http://dx.doi.org/10.1021/ac010619z
http://dx.doi.org/10.1021/ac010619z
http://dx.doi.org/10.1016/j.jasms.2004.12.017
http://dx.doi.org/10.1016/j.jasms.2004.12.017
http://dx.doi.org/10.1016/j.jasms.2004.12.017
http://dx.doi.org/10.1016/j.jasms.2004.12.017
http://dx.doi.org/10.1002/pmic.200500304
http://dx.doi.org/10.1002/pmic.200500304
http://dx.doi.org/10.1002/pmic.200500304
http://dx.doi.org/10.1021/ac051521d
http://dx.doi.org/10.1021/ac051521d
http://dx.doi.org/10.1021/ac051521d
http://dx.doi.org/10.1007/s13361-015-1111-4
http://dx.doi.org/10.1007/s13361-015-1111-4
http://dx.doi.org/10.1007/s13361-015-1111-4
http://dx.doi.org/10.1007/s13361-015-1111-4

